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This study investigated the hydrothermal carbonisation (HTC) of poultry litter (PL); 
specifically how HTC parameters such as treatment temperature, residence time and 
initial pH affect the yields (HY), chemical and fuel properties of the hydrochar (HC) 
produced as well as other potential applications of the HC. The work is divided into 
three sections.  
Firstly it investigated the effects of HTC parameters on the HY, chemical and fuel 
properties, of HC produced at the natural PL pH of 8.8, treatment temperature 
ranging from 150 to 300 °C with residence times of 5 to 480 minutes. The impact of 
initial pH was investigated using HCs prepared at 250 °C for 120 minutes in the 
presence of acetic acid (CH3COOH) at pH 9, 7 and 4 or in the presence of sulfuric 
acid (H2SO4) at initial pH of 7, 4 and 2. The HCs produced were characterized for 
ultimate, proximate and fibre analyses as well as for energy content, and the effects 
of treatment conditions on the HY and composition of HC were evaluated. The 
results revealed that the treatment temperature and initial pH had a more significant 
impact than residence time on the HY, chemical composition and energy contents of 
the HCs. The HY decreased and ash content increased with increasing treatment 
temperature and residence time, this coincided with a higher carbon (C) content up to 
56.9 % and HHV of 25.1 MJ kg-1. The C content and HHV of the HC increased with 
acidity while the ash content decreased, however, the change in HY were influenced 
by the type of acid used. The lowest ash content and the highest HY were observed 
for prepared HC using H2SO4 at pH of 2.  
Secondly we examined the effects of HTC parameters on the mineral nutrient profile 
and phosphorous (P) speciation of the HCs. For this study a standard measurement 
and testing procedure (SMT) was adopted and all the elements measured were 
quantified and related to the P fractions. The results indicated that treatment 
temperature and initial pH can significantly influence the speciation of P and other 
nutrients, while the effects of residence time were apparent predominantly at low 
treatment temperature. The results confirmed that HTC can significantly reduce the 
solubility of most of the measured elements, providing a slow-release fertilizer. The 
majority of the mineral nutrients remained in the HC however, the acids particularly 
H2SO4 provided a good approach for nutrient extraction. 
Thirdly the effect of using H2SO4 modified HC for the adsorption of hexavalent 
chromium Cr(VI) and methylene blue (MB) from aqueous solution was investigated 
and compared with the unmodified HC. The Cr(VI) and MB adsorption conditions 
were optimized and it was found that solution pH was dominant factor. Under 
optimal conditions, the maximum Cr(VI) removal efficiencies were 76.7 % and 32.9 
% for acid modified and unmodified HC, respectively, while the maximum MB 
removal efficiency measured almost 100 % in 90 minutes for both HCs. The results 
revealed that the predominant adsorption mechanisms were the electrostatic 
attraction and chemisorption but ion exchange could also be occurring for Cr(VI) 
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Chapter 1: Introduction 
1.1. Background 
As a result of the growing demand for animal products, there has been an 
increase in the agricultural industries, producing large volumes of manures (Mau and 
Gross, 2017). Manures are mostly a low carbon density material which makes its 
transport costly. This has led to large amounts of manures being accumulated in 
concentrated areas, causing significant environmental pollution. In addition to the 
lack of space large enough to receive ever-increasing quantities of manures, 
environmental concerns regarding human and animal health risks have been raised 
(Dai et al., 2016), leading to a decline in composting treatment. This is accompanied 
by growth in energy demand and essential plant nutrient depletion, leading to 
increase interest in cleaner and safer disposal options and alternative renewable 
energy sources. Manure conversion to renewable energy can offer a solution while 
concomitantly reducing environmental impact and reliance on fossil fuels. Recently, 
an increasing effort has been made to find high-efficiency and environment friendly 
method for treating manures which can achieve several goals simultaneously.  
1.2. Poultry litter composition  
Poultry accounts for the highest percentage of all livestock worldwide, generating 
abundant waste and still continuing to grow (Kantarli et al., 2016; Mau and Gross, 
2017). Thus, poultry litter (PL) was selected in this study as representative of animal 
manures. PL is characterized as a heterogeneous substrate, consisting of 
predominantly urine, feces, bedding materials, dropped feed, feathers, and other 
farming wastes (Song and Guo, 2012). The birds are mostly raised in large farms, 
producing a huge amount of PL which has significant potential as a valuable 
resource. Due to its higher content of essential plant nutrient and organic matter 
compared to many other kinds of biomass/biowaste, it is traditionally used as a direct 
organic fertiliser on the croplands. Even though there are associated the advantages 
of direct PL application on agricultural land for increasing soil fertility, there are 
environmental concerns about soil elements accumulation and their leaching and 
other pollutants into surface water (Joseph et al., 2012; Lynch et al., 2014). 
The typical composition of PL is shown in Table 1.1, which illustrates that the PL is 





Table 1.1, Chemical characteristic of poultry litter 
Content % 1 2 3 4 5 6 7 
Moisture 11.3 - 43.7 5.6 62.8 -  
Ash 24.8 28.5 8.6 10.9 13.7 15.9 31.3 
Volatile matter 57.8 - 39.8 62.7 - - - 
Fixed carbon 6.1 - - 21.5 - - - 
Carbon 28.2 - 24.9 43.9 34.7 41.3 32.3 
Hydrogen 5.0 - 3.7 6.5 4.4 6.7 - 
Oxygen 35.0 - 15.9 32.8 47.2 - - 
Nitrogen 3.4 3.1 2.6 5.7 0.52 5.0 2.5 
Sulfur 0.9 1.6 0.3 0.2 0.44 1.0 0.02 
Chlorine 1.2 - 0.41 - 0.33 - - 
Phosphorus - 1.5 - - 1.6 1.9 1.8 
Calcium - 4.3 - - 3.7 3.2 - 
Potassium - 4.2 - - 2.2  3.0 
Magnesium - 1.1 - - - 0.41 - 
hemicellulose - - - - - 20.2 - 
Cellulose - - - - - 12 - 
Lignin - - - - - 2.3 - 
1:(Li et al., 2008); 2:(Song and Guo, 2012); 3:(Lynch et al., 2013); 4:(Ekpo et al., 
2016b); 5:(Yanagida et al., 2008); 6:(Heilmann et al., 2014); 7:(Mierzwa-Hersztek et 
al., 2018). 
 
In this sense, it is necessary to a find way for adding value to PL use such as 
energetic purposes and/or nutrients recovery which would be a promising way to 
solve energy and environmental challenges in a single approach. These goals could 
be achieved by thermochemical processes which have been shown to be successful 
with the ability to treat most feedstock materials including PL.  
1.3. Thermochemical processes  
The conversion of biomass and/or biowaste into valuable products is of great 
interest both economically and environmentally. A variety of processes including 
thermochemical can be used to produce products with better properties than that of 
the raw material. However, depending on the nature of the raw material, and on the 
desired quantities, properties and applications of products, the selection of the proper 
treatment method is important and limited. The common thermochemical processes 
are pyrolysis, gasification, combustion and hydrothermal carbonisation, each of 
which after alternation routes for the management of biomass and/or biowaste 





products from cheaper material. However, these methodologies have also some 
serious drawbacks have not been thoroughly studied. 
Pyrolysis process has been used as a thermochemical decomposition process 
to study conversion different type of biomass and/or biowaste including PL into 
energy products (Baniasadi et al., 2016; Gondek and Mierzwa-Hersztek, 2016; 
Lustosa Filho et al., 2017). In pyrolysis, the starting material is treated at elevated 
temperature (300 - 800 ºC) in the complete or partial absence of oxygen, producing 
three main products, solid product (biochar), condensed volatile matter (bio-oil), and 
non-condensable gases (Mau and Gross, 2017). Based on the process conditions such 
as temperature and residence time, the pyrolysis process can be classified into slow, 
intermediate and fast pyrolysis, producing different products with different 
physicochemical properties and percentage distribution. However, the main 
drawback is that the starting material usually requires preparing to suit pyrolysis 
applications.  
Gasification process has also been used for treatment of different type of 
biomass and/or biowaste such as PL (Perondi et al., 2017). The gasification process 
treats the feedstock material at a very high temperature range of 600 - 1200 °C for 
short residence time (Dalólio et al., 2017). The main products are a mixture of gases 
(Syngas) and ash with a small yield of biochar. Although this process has been 
shown to be successful process with the ability to treat most feedstock material, there 
are environmental concerns about its solid product. The biochar produced contains a 
high quantity of ash and poly aromatic hydrocarbons that are highly toxic 
compounds. 
The other alternative disposal technique is direct combustion of the biomass 
and/or biowaste including PL (Bernhart et al., 2010; Billen et al., 2017; Lynch et al., 
2013; Yurdakul, 2016). This process generally produces heat and a biochar 
containing ash and small amount of uncombusted material (Dalólio et al., 2017), 
which can be used as a fertiliser. During combustion, the ash must be removed from 
the boiler which increases the complexity of the process.  This thesis deals mainly 
about the produced HC from HTC, thus, this section focuses on HTC process. 
1.4. Hydrothermal carbonisation process 
Biomass and/or biowaste contain a high percentage of moisture which poses a 





use of a dry starting a material. Hydrothermal carbonization (HTC) process is 
considered to be promising treatment option due to its ability to convert wet material 
into valuable products with less volume and mass (Libra et al., 2011; Mau and Gross, 
2017; Ramzan et al., 2011). This suggests that energy can be saved, reducing the 
processing and transporting costs. HTC, also known as wet torrefaction, is a 
thermochemical conversion process, it mimics the natural coalification process and 
was first proposed by Friedrich Bergius in the early part of the19th century (Kambo 
and Dutta, 2015). The HTC process has gained considerable interest as an effective 
thermal treatment biomass to produce up-graded products that have several added 
applications in energy production, environment and agricultural. Thus, HTC can be 
defined as a pressurized thermochemical process for conversion of biomass and/or 
biowaste with high moisture content and/or in the presence of water at relatively 
moderate temperatures (180 - 260 °C) under self-generated pressure with residence 
times from a few minutes to several hours (Gu et al., 2017; Reza et al., 2016a; 
Wikberg et al., 2015).  
               
 
Fig.1.1, Classification of hydrothermal processing of biomass with reference to the 





As can be seen in Fig.1.1, the HTC process with further increasing treatment 
temperature can be further classified into hydrothermal liquefaction and supercritical 
water gasification (Kambo and Dutta, 2015). Hydrothermal liquefaction is performed 
at  a treatment temperature range of 250 - 350 ºC and the main product is bio-oil, 
however, supercritical water gasification is mostly producing gases such as methane 
and hydrogen at treatment temperature range higher that 350 ºC (Kantarli et al., 
2016).  
HTC has recently gained more attention because of its promising advantages over 
other thermochemical treatments, these advantages include: 
 
 Simple to perform.  
 Low cost of operating. 
 Reduces waste volume and mass. 
 Recovers energy at low emissions. 
 Environmentally friendly process. 
 Accepts numerous biomass and/or biowaste types. 
 Biomass and/or biowaste can be used without drying. 
 Can produce energetic products. 
 Can produce soil amendment products. 
Recent studies mentioned that HTC is a promising technology for producing valuable 
products from different types of biomass and/or biowaste such as cellulose 
nanocrystals (Wen et al., 2017), sewage sludge (Zhai et al., 2017), olive waste 
(Volpe and Fiori, 2017), seaweed (Smith and Ross, 2016), algae and other biomass 
(Smith et al., 2016), cow manure (Toufiq Reza et al., 2016) and rice straw and pig 
manure (Liu et al., 2017). However, there were few studies on HTC of PL. Sun et al. 
(2011) used prepared PL derived HC as an adsorbent, Oliveira et al. (2013) carried 
out the HTC of PL and compared produced HC with brown coal, Heilmann et al. 
(2014) investigated phosphorus behaviour during HTC of PL and other manures; 
Mau et al. (2016) investigated the products of HTC of PL under different conditions 
and Mau and Gross (2017) produced hydrochar from HTC of PL and studied its 
combustion behaviour. Despite the available knowledge about HTC of PL, the effect 
of process conditions on properties, percentage distribution and applications of HC 





1.4.1. Hydrothermal carbonisation reactor technology  
The HTC technology is relatively simple and employs a closed system with a 
source of thermal energy with accurate temperature control, thus, the centre of the 
HTC process is the reactor. As shown in the Fig.1.2, the reactor used consists of a 
steel vessel with a seal for operating at high temperatures. It has a valves, inlets and 
outlets suitable for sampling and/or catalyst addition. The support system for the 
reactor is designed specifically to provide controlled temperature and defined stirring 
speeds. The controller consists of a temperature control unit with appropriate power 
and safety relays and additionally the pressure vessel is equipped with a rupture disc 
designed to burst at pressure above the design pressure of the vessel. 
 
                        
 
Fig.1.2, Schematic diagram of the reactor used in this study (Girisuta et al., 2013). 
 
At the end of HTC process, the products are in the form of slurry which need to pass 





product appears feasible, however, more advanced separation techniques could be 
used to obtain specific chemicals of interest to improve the economic feasibility. The 
HC produced should be dried before it can be used. Usually, the filtering step can 
reduce the moisture content; however, further drying is required to achieve low 
moisture content product. 
1.4.2. Mechanisms in hydrothermal carbonization process 
Biomass and/or biowaste are materials derived from living or recently living organic 
materials including agricultural residuals (Kambo and Dutta, 2015). This type of 
material contains considerable amount of lignocellulosic compounds, comprising of 
cellulose, hemicellulose, and lignin. The degradation of feedstock material is the 
main role of the HTC process which is performed in the liquid state, making it 
unique among thermochemical conversion processes for biomass and/or biowaste. 
During HTC, water can act as a mild acid and mild base catalyst because its ionic 
product is maximized at high treatment temperatures (Lynam et al., 2011; Reza et al., 
2014), this can facilitate the degradation process. Thus, the carbonisation process 
undergoes a complex process of reactions such as hydrolysis, dehydration, 
decarboxylation and other reactions, however, depolymerisation and polymerisation 
are considered the major steps in HC production (Reza et al., 2015). Under 
supercritical conditions, hydrolysis is the first reaction of HTC, where 
macromolecules are degraded into monomers and intermediates which can 
repolymerise producing final products. (Reza et al., 2014). Decarboxylation and 
dehydration, which likely take place after hydrolysis, are two major reactions that 
can lower the percentage of undesired oxygen by releasing gases such as carbon 
oxides or water, respectively (Funke and Ziegler, 2010; Reza et al., 2014). This 
means the biomass is carbonised into products with higher H/C ratio and harmless 
by-products (Akhtar and Amin, 2011).  
1.4.3. Hydrothermal carbonization process parameters 
The key variables that determine the HTC process and its products are treatment 
temperature, residence time, raw material and initial pH (chemical addition) whilst 
the raw material/water ratio, heating/cooling rate and mixing/stirring characteristics 
also contribute, but to a lesser extent. The properties and percentage distribution of 
the final products strongly depend on the process parameters. Thus, the value and 





understanding the effects of HTC conditions on its products can help producing 
products with desired characteristics. Furthermore, the process conditions not only 
control the products characteristics but also their yield and percentages distribution. 
Thus, the optimisation of process conditions can be the key factor of final products.  
The main object of this PhD was to better understand how process conditions that 
influence the properties of the HC produced and its value. However, the task of 
investigating every possible process parameter would be too much for any study. 
Therefore, a selection was made of the most important parameters which are 
described briefly as following: 
Treatment temperature  
The treatment temperature is considered as a most important factor which can 
play a major role in the distribution, yield and properties of HTC products. At low 
temperature the original raw material still exists with high HC yield, indicating 
incomplete conversion process. However, the extensive biomass degradation occurs 
when the treatment temperature is sufficiently higher than the activation energies of 
bonds. The increase in lignocellulosic degradation leads to a release of volatile 
matter, causing a decrease in HY accompanied by an increase in carbon content 
while the aqueous and gaseous products are expected to increase.       
Residence time 
Many researchers have investigated the effect of residence time on HTC products 
from different types of starting material and they have found that optimization of 
residence time is necessary for an effective process (Akhtar and Amin, 2011). In 
general, during the HTC process, short residence time is preferred as the rate of 
hydrolysis of biomass under supercritical condition is relatively fast (Akhtar and 
Amin, 2011). Thus, residence time can affect the distribution and composition of 
products. Although treatment temperature and residence time are separate factors, 
their effect on the HTC product is related. It is also notable that at low treatment 
temperature, changings residence time has little effects, however, increasing 
residence time accompanied by high treatment temperature results in a significant 
change in properties, distribution and yields of process products (Patel et al., 2016). 
In HTC, considerable amount of staring material can be solubilised in the liquid 





significant amount of water soluble compounds being converted into the gaseous 
products.  
Initial pH 
Biomass and/or biowaste mainly consist of lignocellulosic material and the one 
main and important role of HTC process is to degrade biomacromolecules into 
products with enhanced properties. Alternatively, the HTC process can be performed 
in the presence of additive materials such as a catalyst to enhance the product yield 
and/or improve its properties as well as accelerating the hydrolysis rates (Reza et al., 
2015). Since the process is carried out in a liquid state, adding material is relatively 
simple. Different chemicals, acids, bases and salts have been widely utilized in the 
HTC of a variety of raw materials (Heilmann et al., 2014; Lynam et al., 2011, 2011; 
Yang et al., 2017, 2015). Conducting HTC process at high pH value tends to result in 
higher H/C ratios of the product, however, enhancement of hydrolysis reaction could 
be obtained under acidic conditions, promoting the product quality (Ekpo et al., 
2016a). 
1.4.4. Hydrothermal carbonization products 
As a result of the complex chemical reactions, three main products, solid (HC), 
liquid and gases are produced; their distributions, composition and structure are 
strongly dependent on treatment conditions. The aqueous phase (AP) is a brown 
liquid, depending on the treatment conditions, it is rich in organic and inorganics 
compounds (Erdogan et al., 2015; Reza et al., 2016b). The organic compounds in the 
AP often include short chain organic acids, monomeric sugars and other intermediate 
products such as phenols and furfurals, and their derivatives (Reza et al., 2016b). The 
gas formed during HTC process mainly consists of carbon oxides with minor 
fractions of other gases, the amount of gaseous products increases with rising 
treatment temperature (Funke and Ziegler, 2010).          
Hydrochar product 
Hydrochar (HC) product has attracted increasing interest; it is a valuable 
carbonised material which is obtained by the HTC process from low value material 
such as biomass/biowaste. The HC produced contains the highest percentage of the 
mass of the starting raw material, depending on process parameters it represents 





with the starting material in terms of fuel properties such as carbon content, 
homogeneity and hydrophobicity (Kantarli et al., 2016). It is enriched with 
recalcitrant organic carbon and nutrients which enable energy generation or nutrient 
reclamation. Most of the inorganics, which already existed in the starting material 
including nutrients, can be recovered in the HC, providing an ideal opportunity to 
recycle the nutrient. In addition to being an energetic material and/or soil fertilizer, 
the HC can be used as an environmental amendment. Several investigations showed 
that HC has a small surface area but it has also been emphasized that the number of 
functional groups is high. 
1.4.5. Potential hydrochar applications   
Initially, the focus of HTC was to reduce the biowaste volume and to produce 
soil amendments, however, recent studies have broadened the applications of the 
products. Much attention has been paid to the usage of HC including energy 
production, agriculture, carbon sequestration, waste water treatment, etc (Kambo and 
Dutta, 2015). HCs can play an important role in environmental remediation and 
carbon sequestration to increase soil fertility. However, as shown in Fig.1.3, this 
section focuses on HC application only as solid fuel, soil amendment and as 
adsorbent for waste water treatment. 
                      





Hydrochar as energy product 
Some studies have shown that HC produced by HTC of PL has the potential to be 
used as fuel (Mau and Gross, 2017). It has been previously reported that the carbon 
content of HC increases with HTC severity, reflecting the decomposition and 
removal of volatile matter. Commonly, HC has a much higher energy value than that 
of the raw material; that can be measured by higher heating value (HHV). In general, 
the HHV depends on the chemical composition and reflects the carbon content and 
H/C and O/C ratios. A useful way to evaluate the energy quality of HC as fuel is by a 
van Krevelen diagram which is presented in Fig.1.4, it plots atomic H/C ratio versus 





Fig.1.4, Van Krevelen diagram with reference to the data shown in chapter 3. 
 
As can be seen, dehydration and decarboxylation reactions are the predominant 





because of the decrease in smoke, water vapour and energy losses during its 
combustion (Kambo and Dutta, 2015). Furthermore, for an energetic use of HC with 
high higher heating value, it is desirable to produce a fuel with lower ash content 
than the original biomass. This could be achieved by optimising treatment conditions 
such as using mild treatment temperature with low initial pH (Ghanim et al., 2017). 
Based on the available literature, the use of HC derived from PL as a fuel could be 
promising due to its carbon and energy contents and can potentially replace 
considerable amount of fossil coal (Ghanim et al., 2016; Mau and Gross, 2017).  
Hydrochar as fertilizer product 
Another goal of the HTC process is the use of HC for soil amendment due to its 
high contents of inorganic nutrients and organic matter. In addition to considering 
HC as a nutrient storage for the plant, it is a stable material that can increase the 
carbon content in the soil which remains for longer time compared with using 
feedstock (Reza et al., 2014). The surface of HC contains oxygen-containing groups 
which increases the water retention capacity of the soil. Thus, the fertility of soil 
might be improved with the introduction of HC (Reza et al., 2014). However, as 
mentioned above the structures of HC can be largely affected by treatment 
conditions. Consequently, a number of studies have investigated the effects of the 
HTC treatment conditions on the distribution and characteristics of inorganic 
nutrients and minerals. Wu et al. (2018) studied the effects of HTC treatment 
conditions on distribution and total content of nutrient in the solid and liquid 
products in cattle manure. The results indicated that HTC could be a promising 
approach for producing an inorganic fertilizer. Ekpo et al. (2016b) conducted HTC of 
different raw material including PL, and they have found that the structure of final 
products is strongly dependent on treatment conditions. Heilmann et al. (2014) 
preformed HTC on different manure included PL and subsequently treated the HC 
produced with HCl. They observed that most of the P was present in HC product. 
Furthermore, the treatment conditions can significantly influence the species and 
content of P which was linked to the presence of metal elements such as Ca, Mg and 
Fe in the feedstock. However, as well as providing valuable plant nutrients as an 
essential element to increase soil fertility, the HC might also contain a variety of 
organic compounds such as phenols, furanic and poly aromatic hydrocarbons that are 





amendments, the contents of harmful organic compounds need further investigation 
which might be achieved by optimising the treatment conditions. 
Hydrochar as adsorbent 
The chemical and physical properties of hydrochar (HC) vary depending on the 
production conditions and feedstocks, thus, HC as a low-cost adsorbent shows 
different ability for contaminant removal from aqueous solutions (Fang et al., 2017). 
Additionally, there are various factors that can control the adsorption process for any 
type of contaminant removal, thus, it is essential to evaluate key controlling factors 
including the choice of HC, contaminant properties, and operating conditions. In 
general, HC provides poor adsorption properties due to its small pore size and 
limited surface area, however, it is enriched in functional groups such as hydroxyl, 
carboxyl, amide, etc which are responsible for removal of contaminants from 
aqueous solution (Fang et al., 2017; Reza et al., 2015). Enhancement in those 
functional groups could be done through various modification methods including 
chemical modification, activation, impregnation and heat treatment (Fang et al., 
2017). The modification method can introduce major change in surface functionality 
and/or porosity, affecting the adsorption capacity. Among of the modification 
methods is acid modification which is conducted by treating HC in acid solution. The 
acid modification method can enhance the functional groups although it causes 
breakup of pore structures. The atomic ratios such as H/C, O/C and N/C are related 
to the adsorption properties of the HCs which increase with acid modification, 
suggesting more functional groups on the surface (Ahmed et al., 2016).  
1.5. Research Objectives 
The objectives of this thesis are to investigate the effect of parameters most 
influential during hydrothermal carbonisation (HTC) of poultry litter (PL) on the 
yield, properties and application of the hydrochar (HC) produced. This thesis 
addresses the question of how the hydrochar yields (HY), properties and its 
applications are influenced by HTC process and its conditions, and what effects 
occur during the treatment.  
Laboratory-scale experiments are conducted to investigate how process 
conditions (treatment temperature, residence time and initial pH) influence HC yields 
and characteristics. Furthermore, the potential application of HC produced as fuel 





The results from this work will help to provide a fundamental basis for selecting the 
most appropriate operational parameters during the HTC process to meet specific 
application objectives and predicting carbonization products characteristics. To 
achieve these goals, specific objectives were set which included: 
Objective 1: Determine the effect of process conditions (treatment temperature, 
residence time and initial pH) on yields and chemical properties of HC. 
Objective 2: Understand how the process conditions can affect the energy content of 
HC. 
Objective 3: Determine the effect of process conditions on the nutrient contents of 
produced HC. 
Objective 4: Determine the effect of H2SO4 modification on adsorption properties of 
HC. 
1.6. Dissertation organisation 
This dissertation consists of seven chapters; chapter 1 and chapter 2 are the 
introduction, and materials and methods, respectively; chapters 3 - 6 contain results 
from laboratory experiments. Finally, chapter 7 contains overall conclusions from 
this study. The following outlines the information represented in each chapter:  
Chapter 1: Introduction; this chapter introduces the topic of biomass/biowaste 
management and focuses on HC product and its applications. 
Chapter 2: Materials and methods; this chapter provides a detailed description of the 
methods including the operational details of the equipment used throughout this 
thesis. 
Chapter 3: This chapter focused on the effect of treatment temperature and residence 
time on HC chemical and fuel properties, and HY. Laboratory-scale experiments of 
HTC of PL were conducted at different temperatures (150 - 300 ºC) for time (30 - 
840 min). This work has been published in Bioresource Technology (Ghanim al., 
2016). 
Chapter 4: This chapter aimed to investigate the effect of initial pH on HC chemical 





conducted at different initial pH (9 - 2) achieved by H2SO4 or CH3COOH at 
treatment temperatures of 250 ºC for 2 h. This work has been published in 
Bioresource Technology (Ghanim al., 2017). 
Chapter 5: This chapter aimed to investigate the effect of treatment temperature, 
residence time and initial pH on nutrients contents of HC. Laboratory-scale 
experiments of HTC of PL were conducted at different process conditions as 
mentioned above. This work was submitted to ACS Sustainable Chemistry & 
Engineering Journal. 
Chapter 6: This chapter is aimed to investigate the adsorption ability of H2SO4 
modified HC for Cr(VI) and MB removal from aqueous solution and the results were 
compared with that of HC prepared at natural pH. Adsorption conditions were 
optimised using batch experiments and the equilibrium and kinetic data were studied. 
This work was submitted to Chemical Engineering Journal. 
Chapter 7: This chapter contained the overall conclusions of this study, as well as 
recommendations for future studies. 
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Chapter 2: Materials and methods 
The content of this chapter provides the reader with a detailed description of the 
methods and operational details of the equipment used in this study. 
2.1. Feedstock sampling and preparing  
The feedstock used in this study as starting material for hydrothermal 
carbonisation treatment was poultry litter (PL) with straw as the bed material, which 
was collected from a farm located near Limerick, Ireland, according to BS EN 14778 
(2011a). The collected samples were transferred to the laboratory and prepared 
according to BS EN 14780:2011; they were kept in sealed polyethylene bags and 
stored in the freezer until required. The stored samples used for the experiments were 
on an as received basis (ar) however prior to analysis the PL sample was air dried, 
crushed and sieved to a particle size <0.75 mm and then dried in an oven at 105 ºC 
for 24 h.  
 
2.2. Hydrothermal carbonisation experiment 
Throughout the thesis all hydrothermal carbonisation (HTC) experiments were 
conducted using the 8.0 litre Parr SS316 stirred pressure reactor shown in Fig.2.1 and 
described in section 1.4.1, which is fitted with a removable glass liner. 
        Fig.2.1, Schematic diagram of Parr reactor used in this study (Parr Instruments). 
An electric heater was used to supply the heat to maintain the temperature of the 
reactor. The heating and cooling rates were the same for each experiment as the same 
reactor was used for all experiments. Initial HTC experiments were designed to 
understand the impact of treatment temperature, residence time and initial pH on the 
hydrochar (HC) products. Briefly, a 1:5 weight basis mixture of PL (ar) (37.3 % 
moisture content) and distilled water was loaded into the glass liner. The suspension 
was thoroughly mixed for 30 min after which the pH value was measured as >8.8. In 
the case of the initial pH investigation experiments, the pH of the mixture was 
adjusted to the desired pH using concentrated CH3COOH or H2SO4. In both cases, 
the glass liner containing the suspension was placed into the stainless steel reactor 
which was sealed and purged with nitrogen before stirring was started and the reactor 
was heated to the desired treatment temperature using a PID controller; the reactor 





                  
             
        Fig.2.1, Schematic diagram of Parr reactor used in this study (Parr Instruments). 
 
When the desired temperature was reached inside the reactor, the residence time was 
initiated. After the target residence time was achieved, the heating was turned off and 
the reactor was rapidly cooled to room temperature by immersing in a cold water 
bath. The reactor was vented of gases at ambient temperature and the HCs were 
recovered as a solid residue by vacuum filtration followed by drying at 105 °C 
overnight. The HC samples were powdered to <0.75 mm, homogenised and stored in 
an airtight container at room temperature for analysis. Each experiment was carried 
out in duplicate and the HC samples were mixed prior to analysis. The hydrochar 
yields (HY) are calculated on dry base (db) using equation (2.1). 
 
                                 (2.1) 
where 
HY (%) is the hydrochar yields.  
mHC (g) is the mass of HC produced.  











2.3. Proximate analysis 
Proximate analysis involved the determination of moisture, ash, volatile matter 
(VM) and fixed carbon (FC) content using suitable standard methods. All the 
measurements were conducted on a dry basis (db) in triplicate and the mean values 
with standard deviation (SD) reported. 
2.3.1. Moisture content 
The moisture content of PL and HC can still change during storage and treatment 
practices. Therefore, the moisture content measurements were carried out alongside 
other analytical measurements to avoid any discrepancies in the measurements. The 
moisture content in the PL and HC products was determined according to I.S. EN 
14774-3:2009 (2009a).  
 
 Procedure:   
A crucible along with lid was dried in an oven at 105 ± 2 °C for at least two 
hours and subsequently cooled to room temperature in a desiccator. It was then 
weighed along with the lid to an accuracy of 0.1 mg. Approximately 1 g of sample 
was loaded into the crucible and weighted to an accuracy of 0.1 mg. The crucible 
with its contents was transferred to the oven and the uncovered crucible was heated 
overnight at 105 ± 2 °C. The covered crucible was cooled in a desiccator to room 
temperature and finally the crucible containing the dry sample was weighed. To 
reduce the uncertainties involved in measurements, each sample was analysed in 














                                      (2.2) 
where, 
MC (wt%) is the moisture content at 105 °C. 
m1 (g) is the weight of dry empty crucible and lid. 
m2 (g) is the weight of sample along with crucible and lid before drying. 





2.3.2. Ash content  
The ash content measurement was done according to the BS EN 14775:2009 
(550 ºC) (2009c). 
 
 Procedure: 
An empty crucible was placed in a furnace and heated to 550 ± 10 °C for an hour 
then cooled to room temperature in a desiccator. The weight of the empty crucible 
was noted and thereafter the crucible was loaded with around 1 g of sample and put 
in the cold furnace. The furnace was programmed to reach 250 °C from ambient 
temperature with a heating rate of 5 °C min-1 and was maintained for 60 min. After 
that, the temperature of the furnace was set to 550 °C and heating rate increased to 10 
°C min-1 and kept at this temperature for at least 120 min until the mass change was 
less than 200 mg. The sample was taken out and the same cooling and weighing 
procedure was followed as the one used for an empty crucible. The ash content was 




                      (2.3)  
where, 
Ash (wt%) is the ash content. 
MC (wt%) is the moisture content at 105 °C. 
m1 (g) is the weight of dry empty crucible. 
m2 (g) is the weight of sample along with crucible before ash generation. 
m3 (g) is the weight of sample along with crucible after ash generation. 
2.3.3. Volatile matter content 
The volatile matter is defined as a mass loss of dried sample when it is heated at 
900 ± 10°C in absence of air for 7 minutes. Volatile matter content was measured 
according to I.S. EN 15148:2009 (900 ºC) (2009b). 
 
 Procedure: 
A volatile matter crucible plus lid was heated in a furnace to 900 ± 10°C for 7 
minutes and cooled to room temperature in a desiccator. The weight of crucible was 














noted down, it was loaded with 1 g of sample, covered with the lid and returned to 
the furnace at 900 ± 10°C for 7 minutes. A similar cooling protocol was adopted as 




The volatile matter content was calculated according to equation (2.4) 
 
                                 (2.4) 
 
where, 
VM (wt%) is the volatile matter content. 
MC (wt%) is the moisture content at 105 °C. 
m1 (g) is the weight of dry empty crucible and lid. 
m2 (g) is the weight of sample along with crucible and lid before volatilisation. 
m3 (g) is the weight of sample along with crucible and lid after volatilisation. 
2.3.4. Fixed carbon content 
The fixed carbon (FC) content was calculated by difference according to 
equation (2.5). 
 
                                                (2.5) 
where,  
FC (%) is the fixed carbon. 
MC (wt%) is the moisture content. 
VM (wt%) is the volatile matter content. 
Ash (wt%) is the ash content. 
2.4. Ultimate Analysis 
Ultimate analysis included the determination of the elemental composition of the 
PL and HC samples. This required a variety of different analytical techniques 
depending on the type of element. 
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2.4.1. Determination of carbon, hydrogen, nitrogen, sulphur and oxygen 
contents 
The determination of C, H, N and S was conducted according to BS EN 
15104:2011 using a Vario EL cube Elemental Analyser (Fig.2.2), sulfanilic acid was 
used as a standard. Oxygen was calculated by difference according to equation (2.6). 
 
                                    (2.6) 
where,  
O% is the oxygen content. 
Ash% is the ash content.  
C% is the carbon content. 
S% is the sulfur content. 
H% is the hydrogen content. 
   
 
 




Approximately 10 mg of sample was weighed in alumina boats and placed in the 
automatic cartridges of the device. Each sample entered a ball valve, flushed with 
helium gas and then dropped into a combustion tube (1150 °C) where the sample was 
combusted in the presence of WO3 as an oxidation catalyst. After combustion, the 





formed gases pass through a reduction tube at 850 °C, containing copper which acts 
as a catalyst to convert NOx and SOx into N2 and SO2 respectively. The CO2, H2O, 
SO2 and N2 gases were detected and quantified using the thermal conductivity 
detector (TCD) (Elementar, 2016). 
2.4.2. Determination of inorganic content 
The extraction of PL and derived HC samples were carried out using aqueous 
solutions, standard measurement and testing protocol (SMT) and an acid digestion 
procedure. Control blanks were also carried out. 
2.4.2.1 Aqueous extraction procedure 
Aqueous extracts of P, Ca, Mg, K and Na elements were obtained by shaking ~ 
0.5 g of PL or HC sample for 24 h with 40 mL of distilled water at room 
temperature. The suspension was then centrifuged at 4000 g for 10 min and filtered 
with a 0.45 μm syringe filter. The extract was collected to determine P, Ca, Mg, K 
and Na contents using ICP-OES.  
2.4.2.2. Standard measurement and testing (SMT) protocol  
The SMT protocol (García-Albacete et al., 2012) involves fractioning and 
extracting P from PL and its HC samples. As seen in Fg.2.2, the protocol, which 
includes three separate extraction procedures, was originally designed to obtain five 
P fractions, using HCl and NaOH as extractants. The first procedure was used for the 
total P fraction (TP) determined as an overall indicator, the second procedure was 
used for the inorganic P fraction (IP), which is mainly labile P (weakly bound to the 
sample matrix), and the organic P fraction (OP) while the third procedure was used 
for the apatite P fraction (AP), which is a stable form of P and assumed to be 
associated with Ca, and finally the non-apatite inorganic P fraction (NAIP), which is 
a moderately labile P and assumed to be associated with oxides and hydroxides of 
Al, Fe, and Mn, respectively (Pardo et al., 2003).  
 
 Procedure: 
As shown in Fig.2.3, to obtain the TP fraction, ~ 0.20 g (db) of each sample was 
calcined at 450°C for 3 h, after which the ash was stirred for 16 h with 20 mL of 3.5 
M HCl, and the mixture was subsequently centrifuged at 2000g for 15 min and the 







Fig.2.3, Schematic diagram of the standards measurements and testing protocol. 
 
In order to obtain the IP and OP fractions, ~ 0.20 g (db) of each sample was stirred 
for 16 h with 20 mL of 1.0 M HCl and then centrifuged at 2000g for 15 min. The 
supernatant was filtered and the extract was collected to determine the IP fraction 
while the residue was used to determine the OP fraction after washing twice with 12 
mL of deionized water, stirring and centrifuging at 2000g for 15 min. The dried 
residue was transferred to a crucible for calcining at 450°C for 3 h, the cooled ash 
was stirred for 16 h with 20 mL of 1.0 M HCl and then centrifuged at 2000g for 15 
min, the supernatant was filtered, and the extract was collected for OP analysis.  
     In order to obtain the AP and NAIP fractions, each sample ~ 0.20 g (db) was 
mixed with 20 mL of 1.0 M NaOH, stirred for 16 h, and then centrifuged at 2000g 
for 15 min, the extract was used to determine the NAIP fraction while the residue 
was used to determine the AP fraction. 10 mL of extract was mixed with 4 mL of 3.5 
M HCl and stirred for 20 seconds before being allowed to stand for 16 h, after 
centrifugation the supernatant was collected to determine the NAIP fraction. The 





added, and the mixture was stirred for 16 h, and then centrifuged at 2000g for 15 
min, and the extract was collected to determine AP fraction.  
 To identify and quantify the P species and all the measured elements (Ca, K, 
Mg, Na, Mn, Fe, Al, Zn, Cu, Cr and Pb), each sample was analysed independently in 
triplicate using ICP-OES. 
2.4.2.3. Conventional acid hydrolysis procedure 
Conventional acid hydrolysis (AH) procedure was performed for all HC and PL 
samples. The acid hydrolysis procedure used could be considered a modification of 
the BS EN 15290:2011 (2011b) and BS EN 15297(2011c) methods. The HNO3-H2O2 
digestion method was used to treat PL and HC samples prior to total inorganic 
content analysis. The sample dissolution was carried out by mixing ~50 mg of 
homogenised ash sample, which was prepared according to the CEN/TS 14775:2004 
(2009c) method, with 2,0 ml H2O2 (30 %) and 3,0 ml HNO3 (65 %) in a PTFE 
vessel. The vessel was closed and heated at 3.33 °C min-1 and held for 1 h at 220 °C. 
After cooling, the vessel contents were quantitatively transferred into a 50 mL 
volumetric flask and diluted to volume with distilled water and, finally, it was 
filtered through a 0.45 μm syringe filter and stored at 4 °C in stoppered polyethylene 
tubes until it was analysed. After digestion, the total (K, Ca, P, Mg and Na) contents 
of PL and HC were determined using ICP-OES.  
2.4.2.4. Inductively coupled plasma - optical emission spectrometry 
Inductively coupled plasma - optical emission spectrometry (ICP-OES) is one of 
the most common analytical tools for the determination of trace elements. As shown 
in Fig.2.3, a plasma is created when a high frequency electric current is applied to a 
work coil at the tip of a torch tube. Argon is supplied to the coil and ionised using the 
electromagnetic field and a plasma is generated. The sample is introduced to the 
plasma in an atomised state through a narrow tube. The high electron density and 
high temperature in the plasma supplies energy to excite the atoms of the samples. 
Emission rays are released when the excited atoms return back to ground state and 
the emission rays corresponding to the photon wavelength are measured. The type of 
element is determined based on the position of the photon rays, while the content of 





             
 Fig.2.4, Schematic of major components of ICP-OES instrument (Chemiasoft, 
2014). 
 
2.4.3. Determination of chlorine content 
The chlorine content in the PL and HC samples was measured using a chloride 
ion selective electrode according to CEN/TS 15408 (2006).  
 Procedure: 
In brief, approximately 1 g a sample was combusted in an oxygen bomb 
calorimeter (as described in section 2.6.2-HHV) which contained 3 ml of distilled 
water as absorbent to absorb the chloride. The solution was carefully collected and 
transferred to a suitable volumetric flask and made up to the mark. A chloride ion 
selective electrode, Thermo Scientific Orion ISE meter, was used to quantify the 
chloride in the solutions by direct calibration using a standard solutions of dried 
NaCl. An ion strength adjuster (ISA Cat.No.940011) was added to all solutions (2 ml 
ISA in 100 ml sample solution) to ensure that the samples and standards had similar 
ionic strengths. All solutions were stirred in a beaker and after a few minutes a 






2.5. Texture characterisation and morphology 
2.5.1. Scanning electron microscopy - Energy dispersive spectroscopy  
During scanning electron microscopy - energy dispersive spectroscopy (SEM-
EDS) the HC sample is bombarded with accelerated and focused electrons to 
generate a variety of signals at different depths. These signals can be used to generate 
an image which can reveal the morphological and topographical features of the 
sample. The X-rays emitted from the samples have the characteristics of the parent 
elements and can be used to provide analysis of the elemental composition of the 
samples. 
 Procedure: 
The solid sample was placed onto carbon tabs and coated with gold to decrease 
charging. The analysis was performed using an Ultra-High-Resolution Analytical 
FE-SEM SU-70 (Hitachi), and a Large Area EDS Silicon Drift Detector, (Oxford 
Instruments) equipped with INCA software. 
 
2.5.2. Specific surface area and pore size distribution 
The Brunauer, Emmet and Teller (BET) technique was used to establish surface 
area, pore volume and pore radius analysis of HC samples by N2 adsorption-
desorption isotherms using a Quantachrome Autosorb AS-1 instrument.  
 Procedure: 
The HC sample (0.1 g ± 0.0001 g) was degassed prior to analysis under vacuum 
to remove moisture and gases followed by analysis of adsorption and desorption of 
N2 gas. The surface area, pore volume and pore radius analysis HC sample was 
calculated using the BET theory. 
 
2.5.3. Surface functionality 
Fourier Transform Infrared Spectroscopy (FTIR) has been widely used to 
characterise molecules, as it shows chemical bond changes during various chemical 
treatments. The peaks of FTIR spectra are caused by the vibrations and rotations of 
functional groups and it can be used as a fingerprint for identifying unknown 








In this work FTIR was employed to identify difference in the functional groups 
of the produced HC samples under different treatment conditions as well as it was 
employed before and after adsorption of Cr(VI) and MB on both HCs used. FTIR 
spectra were obtained using a Cary 630 FT-IR spectrometer in the wave number 
range from 4000 cm-1 to 650 cm-1.  
 
2.6. Chemical and Physical Properties 
2.6.1. Determination of energy content 
2.6.1.1. Higher heating value 
The higher heating value (HHV) was measured according to BS EN 14918 
(2009d) using an Isoperibol Calorimeter 6200 (Parr Instrument) shown in Fig.2.5.  
 
 
               
 
 





The bomb calorimeter was calibrated with a standard sample (Benzoic acid), prior to 
analysing the samples. The bomb was loaded with approximately 1 g of sample, the 
bomb was sealed and pressurised with oxygen (25 bar). The bomb was submerged in 
a known volume of water (200 ml) before the charge was electrically ignited to 
combust the sample (closed system). The temperature of the surrounding water was 
increased due to the combustion process and the change in water temperature was 
recorded. The temperature difference along with a bomb factor was used to calculate 
the HHV of the sample. To ensure the precision of the measurement, at least three 
samples were analysed and an average value was reported.  
 
2.6.1.2.Lower heating value, Energy yield, Fuel ratio and Energy density  
The lower heating value (LHV), Energy yield (EY), Fuel ratio (FR) and 
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                                                (2.7) 
                                                      
where,  
HHV (MJ/kg) is the higher heating value.  
H (%) is the percentage of hydrogen content. 
 
 HC PL% HHV HHV %EY HY                                                      (2.8) 
                                                           
where, 
EY (%) is energy yield. 
HHVHC (MJ/kg) is the higher heating value of produced HC.   
HHVPL (MJ/kg) is the higher heating value of PL. 







                                                                                       (2.9) 
where, 
FR is the fuel ratio. 











ED                                                                        (2.10) 
where, 
ED is energy density. 
HHVHC (MJ/kg) is the higher heating value of produced HC.   
HHVPL (MJ/kg) is the higher heating value of PL. 
             
2.6.2. Cellulose, hemicellulose and lignin analysis 
The content of hemicelluloses, celluloses, lignin and extractives in the PL and 
HC samples were determined according to the National Renewable Energy 
Laboratory (NREL) – NREL/TP-510-42618, 19.  
 Procedure: 
In this method 300 mg of sample was loaded into a hydrolysis tube together with 
3 ml of (72% w/w) sulfuric acid and incubated at 30 ºC for 1h. Then, 84 ml of 
deionized water was added and the tube autoclaved at 121 ºC for another 1h. Finally, 
the tube was cooled and the hydrolysates were filtered, giving a solid composed of 
insoluble lignin and ash, and a liquid composed of carbohydrates and soluble lignin. 
The solid was dried at 105 ºC for 24 h and then it was heated at 550 ºC for 24 h in a 
muffle furnace and weighted, the acid insoluble lignin and ash content were 
calculated. The soluble lignin content and structural carbohydrates, cellulose and 
hemicellulose, were determined by UV–visible spectrophotometer and HPLC 
respectively. 
 
2.6.3. Determination of pH  
The pH was measured according to ASTM D2976-71 (ASTM 1998) u  sing a 
CyberScan pH 510 calibrated pH meter. The pH values of the HC and PL samples 
were measured in distilled water.  
 
 Procedure: 
Weigh 3 g of sample into a 100 mL beaker and add 50 mL of distilled water. Let 






2.6.4. Point of zero charge measurement  
Because the surface charge of adsorbent can play an important role in the 
adsorption process, the points of zero charge (pHpzc) of the HCs used were 
determined. 
 Procedure: 
The pHpzc was determined using a 50 mL centrifuge tube containing 30 mL of 
0.05 M NaCl. The initial pH in each tube was adjusted to between 2 and 10 by 
adding either 0.1 M NaOH or 0.1 M HCl before the introduction of 0.1 g of HC. The 
suspensions were then shaken for 24 h in an orbital shaker (IKA 130 Basic) at 20 ºC, 
and the final pH of the solutions was determined. The difference between the initial 
and final pH values (ΔpH) was plotted against the initial pH. The pHpzc is the point 
of intersection of the resulting curve with the abscissa. 
 
2.6.5. Batch adsorption experiment 
In this study, two different HCs (Non modified HC & Modified HC) were 
applied as adsorbents for Cr(VI) or Methylene Blue removal using batch technique. 
Thus, the adsorption conditions must be optimized to determine the most suitable 
adsorption conditions.  
 
 Procedure: 
The studies were carried out in 50 mL centrifuge tubes on an orbital shaker (IKA 
130 Basic) at various pHs (2 - 13) (adjusted using 0.1 M HCl and 0.1 M NaOH), 
contact time (3 min - 96 h), adsorbent dosage (0.5 - 4.0 g L−1), initial adsorbate 
concentration (1 - 500 mg L−1), ionic strength using (0.05, 0.1 and 0.3 M NaCl) and 
temperature (293, 323 and 348 K). After shaking for the selected contact time, the 
pH was measured and the solutions were filtered through a 0.45 µm syringe filter. 
The filtrate concentrations of Cr, Ca and Mg were determined using an Agilent 
Technologies 5100 ICP-OES while the absorption of MB solutions was measured 
spectrophotometrically (665 nm). The controls consisted of an adsorbate solution 
without HCs and HCs without adsorbate. The removal efficiency (R, %) and 
adsorption capacity (q, mg/g) of Cr(VI) and MB were obtained using equations 
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R (%) is removal efficiency. 
q (mg/g) is adsorption capacity. 
Ce (mg L
-1) is the equilibrium adsorbate concentrations.  
C0 (mg L
-1) is the initial adsorbate concentrations. 
V (L) is the volume of solution. 
Wt (g) is the weight of adsorbent. 
2.6.6. Desorption and regeneration experiments  
In order to determine the reusability of the adsorbents, consecutive adsorption-
desorption cycles were studied.  
 
 Procedure: 
Distilled water adjusted to pH 12 using 0.1 M NaOH was used to desorb the 
Cr(VI) ions, while MB was desorbed using distilled water adjusted to pH 2 using 0.1 
M HCl. The adsorption experiment was conducted using the same protocol described 
above under optimal conditions, however, the desorption experiment was conducted 
using a mixture of 2 g of adsorbent (CE or SA-2) with adsorbed Cr(VI) ions or MB, 
and 30 mL of pH adjusted distilled water. After shaking at 293 K for 24 h, the 
solutions were filtered immediately and the adsorbent was washed several times with 
distilled water until it became neutral, followed by oven-drying at 105 ºC and then 
subjected to the adsorption process again. 
 
2.6.7. Bulk Density  
The bulk density was determined using the standard procedure bulk density 
BS EN 15103:2009 (2009e). 
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Chapter 3: Hydrothermal carbonisation of poultry litter: effects of 
treatment temperature and residence time on yields and chemical 
properties of hydrochars 
The content of this chapter has been published in the Elsevier journal ‘Bioresource 
Technology’. The goal of this chapter is to investigate the effect of treatment 
temperature and residence time on yields as well as the chemical and fuel properties 
of hydrochars. 
Ghanim, B.M., Pandey, D.S., Kwapinski, W., Leahy, J.J., 2016. Hydrothermal 
carbonisation of poultry litter: Effects of treatment temperature and residence time on 
yields and chemical properties of hydrochars. Bioresource. Technology. 216, 373–
380. 
3.1. Abstract 
In this study, hydrochars (HC) were prepared by hydrothermal carbonisation (HTC) 
of poultry litter (PL) at temperatures between 150 - 300 ºC with residence times of 
30, 120 and 480 min. The effects of treatment temperature and residence time on the 
yield and composition of HC were investigated. Both treatment temperature and 
residence time effects were observed however, the effect of residence time was 
lower. The results indicated that the HHV was improved by up to 25.17 MJ/kg and 
the overall ash in HC was significantly lower compared to PL, however this 
coincided with a lower HC yield (HY).  
3.2. Introduction  
Livestock production is one of the fastest growing sectors of the agricultural 
economy driven primarily by a growing demand for animal protein from an 
increasing global population. New production has shifted progressively from 
ruminants such as cattle which are fattened on grass and fodder to pigs and poultry 
fed on diets of feed concentrates. Poultry was responsible for 33% of the global meat 
production in 2010, currently accounts for over 80 % of the entire world’s livestock 
(The FAO, 2015) and is forecast to grow by an estimated 61 % between 2005 and 
2030. The vast majority of which will occur in industrialised, geographically 
concentrated and intensive farming units (MacLeod et al., 2013). Intensive farming 
while more efficient and profitable than traditional farming practice pose significant 
challenges in terms of its effect on the natural environment due to dismantling of the 





accumulation of large quantities of waste far from croplands. This accumulation of 
manure and animal related wastes often results in their over application to fields as a 
nutrient source for crop growth giving rise to social and environmental problems, 
such as odours, pathogens (Libra et al., 2011), water eutrophication through leaching 
of nitrates and phosphates to soil and surface water, acidification, and volatilization 
of greenhouse gases (GHG) such as NH3, NOx and N2O during storage and/or 
application (Billen et al., 2015). Within the EU, regulatory instruments have been 
adopted to mitigate some of these effects such as the Nitrates (91/676/EEC) and 
Water Framework (2000/60/EC) directives which demand improved environmental 
performance as well as  reducing the impact on climate by limiting GHG (Gerber et 
al., 2007). 
         Poultry litter (PL) is heterogeneous feedstock consisting of bedding material, 
faeces, urine, feathers and waste feed and is the most suitable manure feedstock for 
thermal conversion processes, since its comparably low moisture content relative to 
pig or slurry reduces the need for pre-treatment (Billen et al., 2014). However, some 
inorganic species, in particular alkali and earth alkali metals and chlorine, can cause 
operational problems, which have yet to be addressed completely (Di Gregorio et al., 
2014; Lynch et al., 2013). Traditionally, PL is used as a soil amendment. 
Nevertheless, use of PL as organic fertilizer in agriculture has become less 
acceptable due to excess nutrient in the soil which does not adhere the European 
nitrate directive (Lynch et al., 2013). The advances in disposal technology for PL and 
producing bioenergy from the livestock waste has clearly indicated that 
thermochemical conversion processes have the capability to covert animal by-
products into combustible gases, bio-oils and solid product which can be used as a 
soil amendment/fertiliser. Thermochemical processes such as pyrolysis, gasification 
and hydrothermal carbonisation (HTC) are the most common techniques that have 
been used to convert biomass and/or biowaste into energy and valuable products. 
HTC, which is also referred as wet torrefaction, has been defined in most scientific 
literature as thermochemical conversion in water at temperatures of 180 - 260 ºC, 
from 5 min to several hours at pressures above 1 MPa (Acharya et al., 2015; Bach 
and Skreiberg, 2016). HTC is increasingly recognised as a promising technology for 
biofuel production from feedstocks with higher moisture content because it does not 
require any prior drying which considerably reduces the energy consumption. The 





suitable for converting wet biomass and/or biowaste. During HTC processing, the 
macromolecules of the feedstock undergo hydrolysis, dehydration, decarboxylation, 
aromatization, and recondensation reactions to produce a solid residue (hydrochar), a 
liquid by-product and some gaseous products (Acharya et al., 2015; Kambo and 
Dutta, 2015; Libra et al., 2011). HTC at 200 °C for 2 - 24 h has been proposed as an 
efficient process to produce HC for immobilising phosphorus (P) from cow manure 
(Dai et al., 2015). HC was also prepared from pig manure via HTC at 250 ºC for 20 
hrs (Cao et al., 2010), who concluded that the HTC process depends on hydrolysis 
and condensation polymerization reactions. A limited number of studies considered 
PL as potential feedstock for HTC. HTC was employed on animal manures including 
PL for phosphorous recovery and mitigating environmental problems (Heilmann et 
al., 2014). They demonstrated that the HC product retained over 90% of the initial 
phosphorous of the wet PL. Olivera and co-workers used HTC to treat several 
agricultural residues including PL and concluded that HC produced from agricultural 
residues has a comparable heating value to brown coal (Olivera et al., 2013).  Sun et 
al., (2011) also produced HC from PL and identified it as a good soil amendment and 
an effective sorbent for potentially hazardous organic compounds.  
More detailed studies are needed for a better understanding the HTC of PL, 
its products and their applications. The effects of the HTC process conditions 
(temperature, time, pH, type of additive material, etc.) on PL are not well 
documented in the literature. Hence, the present study aims to understand the effects 
of process conditions on the HC properties and yield while considering its potential 
application. A detailed analysis of the energy balance of the HTC process is also 
presented. This study provides a better understanding than heretofore of the physical 
and chemical processes associated with HTC and its application to PL in order to 
produce HC and bio-oil. The scope of the present study is to provide fundamental 
knowledge regarding the conversion of PL into HC and the findings of this work will 
be helpful in designing experiments and the scaling-up of HTC units.  
3.3. Materials and Methods 
3.3.1. Materials 
PL was selected as representative of an animal by-product with moderate 
moisture content due to it’s potential availability worldwide. PL samples with straw 





Ireland. The collected samples were transferred to the laboratory and prepared 
according to BS EN 14780:2011. Samples were kept in sealed polyethylene bags and 
stored at 4 ºC prior to being added to distilled water to make a suspension in the 
reactor for the experiments. The stored samples used for the experiments were on an 
as received basis (ar) however prior to analysis the PL was crushed and sieved to a 
particle size < 75 mm and dried in an oven at 105 ºC for 24 h.  
3.3.2. Characterisation method 
Chemical properties, fiber analysis and energy measurements of PL and HC were 
conducted using suitable standard methods. Moisture content was determined by the 
mass loss of the sample at 105 °C according to I.S. EN 14774-3:2009, whereas ash 
and volatile matter (VM) were measured according to BS EN 14775:2009 (550 °C) 
and I.S. EN 15148:2009 (900 °C) respectively. Fixed carbon (FC) content was 
calculated by subtracting the ash and VM content from 100% on a dry basis (db). 
The elemental composition (C, H, N, S) was determined using a Vario EL cube 
elemental analyser with oxygen content calculated by the difference. The higher 
heating value (HHV) was measured according to I.S. EN 14918:2009 using an 
Isoperibol Calorimeter 6200 (Parr Instrument). The liquid samples generated during 
the measurement of HHV were used to determine the chlorine content using a 
chlorine ion selective electrode according to CEN/TS 15408:2006. The content of 
hemicelluloses, celluloses, lignin and extractives in the PL and the HC were 
determined according to the National Renewable Energy Laboratory (NREL) - 
NREL/TP-510-42618, 19. In this method 300 mg of sample (PL or HC) was loaded 
into a hydrolysis tube together with 3 ml of (72 %w/w) sulfuric acid and incubated at 
30 ºC for 1 h. Then, 84 ml of deionized water was added and the tube autoclaved at 
121 ºC for another hour. Finally, the tube was cooled and the hydrolysates were 
filtered, giving a solid composed of insoluble lignin and ash, and a liquid composed 
of carbohydrates and soluble lignin. The solid was dried at 105 ºC for 24 h and then 
it was heated at 550 ºC for 24 h in a muffle furnace and weighted, the acid insoluble 
lignin and ash content were calculated. The soluble lignin content and structural 
carbohydrates, cellulose and hemicellulose, were determined by UV-visible 
spectrophotometer and HPLC respectively. 
The pH was measured according to ASTM D2976-71. FTIR spectra were 





microscopy (SEM) was used to investigate the structure of the HC. The bulk density 
of PL was determined at a moisture content of 37 % according to BS EN 
15103:2009. The same methods were used to determine the characteristics of HC. 
The results of PL and HC chemical composition, fibre composition and energy 
content are presented in Tables 3.1, 3.2 & A.1.2.  
3.3.3. HTC experimental procedure 
The experiments were carried out using an 8.0 litre Parr stirred SS316 pressure 
reactor fitted with a removable glass liner. An electric heater was used to supply the 
heat to maintain the temperature of the reactor. Initial HTC experiments were 
designed to understand the impact of treatment temperature and residence time. The 
experiments conditions are shown in Table A.1.1. Typically, PL (ar) (200.51 ± 0.30 
g) was loaded into the glass liner with a moisture content of 37.25 ± 2.53 % along 
with one litre of distilled water and mixed thoroughly for 30 min. The pH of the 
mixture was recorded, (8.83 ± 0.042) and the glass liner containing the suspension 
was placed into the stainless steel reactor. The reactor was sealed and purged with 
nitrogen (continuously for 10 min) to evacuate any air. After removal of air, the 
reactor was heated to the desired treatment temperature (150 ≤ T ≤ 300 ºC) and 
maintained at that temperature for a fixed time (30 ≤ t ≤ 480 min). Subsequently the 
heating was extinguished and the reactor rapidly cooled to the room temperature by 
immersion in a cold water bath. The HCs were recovered as a solid residue by 
vacuum filtration, washed with acetone and thereafter with distilled water several 
times followed by drying at 105 °C overnight. The HCs were crushed to less than 
0.75 mm, homogenised and stored in an airtight container at room temperature for 
analysis. The liquid by-product and soluble chemical components were stored in 
closed container at 4 °C however, their analysis is out of scope of this paper. Samples 
(HC and liquid by-product) identification (IDs) is represented as t-T, where t is time 
and T is temperature.  
3.4. Results and discussion 
3.4.1. Yield and chemical characteristics of the HC 
The chemical composition of the PL (db) and HC produced at different 
operational conditions along with their yields are presented in Tables 3.1 & A.1.2. 
The effects of treatment temperature and residence time on HY and chemical 





which was defined as mass ratio of the dry HC to input dry PL, usually decreases 
with increasing treatment temperature due to the formation of liquid and gaseous by-
products (Libra et al., 2011). Fig.3.1 shows that the treatment temperature had a 
significant influence on the HY whereas residence time while showing a similar 
trend had a more moderate impact which is in line with an observation made by 
(Heilmann et al., 2014) while producing HC from PL at 200, 225, and 250 ºC for 1, 
2, and 3 h and with solid loadings 5, 10, and 15 %. The HYs varied from 87.17 to 
23.13 %. The reduced HY with treatment temperature and time is mainly associated 
with the removal of cellulosic and hemi-cellulosic components (Kambo and Dutta, 
2015).  
High ash content in individual HCs, which directly correlates with a 
reduction of HY, has an adverse effect on the HC fuel quality. The ash content of the 
PL was 16.37%, which is relatively close to that of 15.9 % reported previously 
(Heilmann et al., 2014). Fig.3.1 clearly shows the effect of treatment temperature and 
residence time on the ash content of the HC. Compared to the ash content of the PL, 
the results in Table 3.1 reveal that the ash content of the HCs changed with process 
severity. The ash recovery, or fraction of ash in the HC, which was defined as the 
ratio of the ash content of HC to ash content of PL multiplied by HY, was between 
74.67 and 36.59 %. The most significant decrease was observed with increasing 
treatment temperature from 150 to 200 ºC at all residence times, with the lowest 
recovery observed for the (120-175) HC. This is possibly due to the formation of 
acetic acid, with a consequent lower pH (Section 3.3.3), resulting in dissolution of 
some of the mineral components into the liquor (Bach et al., 2013; Kambo and Dutta, 
2015). The ash recovery in HCs obtained at >200 ºC remained relatively constant at 
about 50%. This was attributed to the concentration effect (Bach et al., 2013). 
Similar behaviour was observed by Dai et al. (2015) who concluded that HTC can be 











Ultimate analysis w/w % Proximate analysis w/w % Atomic Ratio 
C ±SD H ±SD N ±SD 
S* 
±0.01 





PL - 42.22 ±0.24 5.59 ±0.12 4.19 ±0.11 0.65  30.96 ±0.30 1.02 16.37 ±0.27 72.95 ±0.47 10.67 ±0.47 0.55  1.59 
30-150 87.17 44.04 ±0.22 5.71 ±0.05 2.97 ±0.16 0.23  34.46 ±0.11 0.57 12.59 ±0.02 72.00 ±0.20 15.41 ±0.20 0.59 1.56 
30-175 75.36 42.74 ±0.32 5.62 ±0.16 4.51 ±0.03 0.71  30.29 ±0.28 0.19 16.22 ±0.29 68.26 ±0.52 15.52 ±0.52 0.53 1.55 
30-200 41.80 51.39 ±0.16 6.00 ±0.03 3.48 ±0.03 0.25  23.64 ±0.20 0.01 15.24 ±0.17 66.79 ±0.54 17.97 ±0.54 0.35 1.40 
30-225 38.39 50.93 ±0.40 5.87 ±0.08 3.62 ±0.07 0.30  20.26 ±0.31 0.01 19.05 ±0.29 59.81 ±0.05 21.17 ±0.05 0.30 1.39 
30-250 32.74 55.23 ±0.47 5.57 ±0.17 4.96 ±0.14 0.36  5.75 ±0.59 0.02 28.07 ±0.55 46.77 ±0.21 25.16 ±0.21 0.08 1.22 
30-275 26.37 50.21 ±0.08 4.75 ±0.05 4.38 ±0.03 0.34  6.44 ±0.07 0.01 33.87 ±0.60 40.24 ±0.33 25.89 ±0.33 0.10 1.14 
30-300 29.51 57.55 ±0.33 5.56 ±0.11 4.51 ±0.09 0.34  0.68 ±0.55 0.01 31.44 ±1.27 45.48 ±0.69 23.09 ±0.69 0.01 1.15 
120-150 80.46 42.92 ±0.24 5.54 ±0.09 4.12 ±0.09 0.53  30.86 ±0.33 0.56 16.05 ±0.17 70.42 ±0.24 13.53 ±0.24 0.54 1.55 
120-175 41.94 48.45 ±0.03 5.79 ±0.04 3.39 ±0.09 0.33  27.75 ±0.07 0.14 14.28 ±0.07 69.86 ±0.14 15.88 ±0.11 0.43 1.44 
120-200 45.76 52.04 ±0.57 6.01 ±0.20 3.83 ±0.09 0.34  21.71 ±0.52 0.03 16.38 ±0.42 62.90 ±0.35 20.71 ±0.35 0.31 1.35 
120-225 35.41 51.92 ±0.18 5.58 ±0.14 4.37 ±0.10 0.33  13.97 ±0.40 0.01 23.80 ±0.31 52.39 ±0.08 23.81 ±0.08 0.20 1.28 
120-250 32.76 56.89 ±0.88 5.62 ±0.17 5.05 ±0.15 0.34  6.01 ±0.87 0.01 26.27 ±0.13 46.89 ±0.10 26.84 ±0.10 0.08 1.18 
120-275 30.08 55.25 ±0.57 5.36 ±0.09 4.44 ±0.10 0.31  5.18 ±0.63 0.02 29.48 ±0.12 45.70 ±0.33 24.81 ±0.33 0.07 1.16 
120-300 25.74 53.64 ±0.45 5.14 ±0.03 4.22 ±0.04 0.29  3.29 ±0.53 0.01 33.40 ±2.27 40.75 ±0.29 25.85 ±0.29 0.05 1.15 
480-150 71.36 45.10 ±0.08 5.69 ±0.05 3.98 ±0.08 0.44  28.85 ±0.07 0.21 15.93 ±0.36 68.93±0.40 15.14 ±0.40 0.48 1.51 
480-175 45.15 52.16 ±0.40 5.79 ±0.06 3.71 ±0.05 0.32  23.53 ±0.51 0.02 14.49 ±0.30 65.42±0.46 20.09 ±0.46 0.34 1.33 
480-200 39.88 52.34 ±0.39 5.68 ±0.07 3.91  0.05 0.33  16.91 ±0.50 0.01 20.83 ±0.13 57.01 ±0.48 22.17 ±0.48 0.24 1.30 
480-225 33.34 52.66 ±0.88 5.23 ±0.38 4.57 ±0.28 0.39  11.05 ±0.18 0.02 26.73 ±0.30 47.31 ±0.48 25.96 ±0.48 0.16 1.18 
480-250 32.75 56.43 ±0.67 5.52 ±0.18 4.59 ±0.12 0.40  5.87 ±0.40 0.02 27.35 ±0.27 46.72 ±0.12 25.93 ±0.12 0.08 1.16 
480-275 28.34 54.88 ±0.08 5.19 ±0.12 4.41 ±0.13 0.28  4.56 ±0.10 0.01 30.59 ±0.48 41.57 ±0.40 27.83 ±0.40 0.06 1.14 
480-300 23.13 49.83 ±0.97 4.45 ±0.26 3.85 ±0.19 0.20  3.22 ±0.71 0.01 37.69 ±0.88 33.76 ±0.53 28.54 ±0.53 0.05 1.07 










The measurements reported in Tables 3.1 & A.1.2 indicate that the temperature 
needs to be significantly higher than 150 ºC in order to solubilise the labile organic 
components. An increase in treatment temperature and time reduced the VM content 
in HC to 33.76 % (480-300) from the 72.95 % present in the original PL. This is due 
to the degradation of hemi-cellulosic and cellulosic components, release of volatiles 
and their further transformations which are temperature dependent (Kambo and 




Fig.3.1, Effect of treatment temperature and residence time on fixed carbon, ash 
content and HY.  
 
There was a corresponding increase in the FC of HCs from 13.53 to 28.54 % 
compared to 10.67 % in PL, indicating that a reasonable percentage of the carbon 
content in the PL remained in the HC. A very similar trend was observed in the HC 
produced from empty palm fruit bunch (Parshetti et al., 2013).  
It can be seen from Tables 3.1 & A.1.2 and Fig.3.2 that the elemental 
composition of the HCs changed significantly as a result of HTC. As shown in Table 
A.1.2, the Cl content in the HCs was in the range of 0.56 % to <0.1 %. With an 
increase in treatment temperature and time, the Cl content in the HC declined 





substantial decline in the Cl content of HCs, about 99 % was removed from the HCs 
obtained at ≥ 200 ºC. This decrease could be due to the release of Cl through 
dehydrochlorination (HCl elimination) or dechlorination via the nucleophilic 
substitution with water (Poerschmann et al., 2015). Additionally, water under 
subcritical conditions can act as both a reactant and a catalyst with organic reactants 
(Bach and Skreiberg, 2016; Lu et al., 2002), promoting dechlorination. The results 
were in agreement with (Kambo and Dutta, 2015; Lin et al., 2015; Zhao et al., 2014). 
These studies also reported that HTC is an effective process to convert organic Cl 
into inorganic Cl which can be easily removed from the HC by high temperature 




Fig.3.2, Effect of treatment temperature and residence time on elemental 
composition of HC. 
 
HTC processes mimic the natural formation of coal from wet biomass by improving 
the carbon content. The carbon content in a fuel is a measure of the energy content 
and any increase in carbon results in an increase of its HHV. The carbon content in 





slightly different to 46.8 % (Oliveira et al., 2013) demonstrating the heterogeneity 
which exits within PL samples. 
As shown in Fig.3.2, the total C content of the HCs increased with an 
increase in both treatment temperature and residence time, giving an increase of 
between 1.2 and 36.3% compared to PL. However, the C recovery (Table 3.1), 
which was defined as the ratio of the C content of the HC to that of the PL multiplied 
by HY, decreased with increasing process severity with results measured in the range 
90.93 - 27.30 %. The carbon loss (low C recovery) at higher treatment temperature 
and longer residence time was due to the dissolution of low molecular weight 
organics in the aqueous phase and the production a small amount of organic vapours 
(Kruse et al., 2013), which is related to the removal and degradation of the hemi-
cellulosic and cellulosic components. Although a similar level of C and ash contents 
were observed at different temperature and time, it could be concluded that the best 
conditions for obtaining high HY with high C and low ash content in the HCs was 
250 ºC for 120 min. 
In contrast, the O and S contents of the HCs decreased with treatment 
temperature and time (Fig.3.2). The decrease in O content of HC might be due to 
dehydration and decarboxylation reactions. As a result, HCs have lower O/C ratio, 
which ultimately resulted in an increase in HHV (Kambo and Dutta, 2015). Similar 
observations were reported by (Reza et al., 2014) for wheat straw at temperatures of 
200, 230 and 260 ºC with residence times of 0 - 480 min. Results previously reported 
by (Heilmann et al., 2014) indicated that the H content decreased and N content 
increased with treatment temperature and time, however, no identifiable trend was 
found over the range of temperature and time in this study (Fig.3.2). The N and H 
contents were reported in the ranges of 2.97 - 5.05 % and 4.45 - 6.01 % respectively. 
In general, the elemental composition of the HCs reported in this study differed to 
that reported by (Sun et al., 2011) for HC from PL via HTC at 250 ºC for 20 h; this 
difference might be due to the high degree of chemical complexity and heterogeneity 
of PL and the difference in process conditions.  
Both the O/C and H/C atomic ratios of the HC as shown in Table A.1.2, 
decreased with increasing treatment temperature and time. The O/C atomic ratio fell 
to a greater extent than the H/C, providing strong evidence that decarboxylation 
reaction occurred during the HTC (Poerschmann et al., 2013) and suggests that 





atomic ratio of the HC obtained in this study was similar to those reported by (Sun et 
al., 2011), however, the O/C atomic ratio was different and this might be due to the 
difference in the O content. The Van-Krevelen diagram Fig.3.3 was used to present 
the elemental composition of different materials. It also provides an insight into the 
possible reaction pathways for the formation of HCs and their fuel quality (Kambo 
and Dutta, 2015). In this figure, typical zones for lignite, coal, anthracite and 
biomass, and major possible reactions (dehydration and decarboxylation) are 
indicated. The atomic ratio (O/C, H/C) of biochar obtained from the pyrolysis of PL 
at 400, 475 and 500 ºC for 15 min reported by Azargohar et al. (2014) was used as a 




Fig.3.3, Van Krevelen diagram. 
 
According to Van-Krevelen, solid fuel with higher energy content should be located 
at the lower left side of the diagram close to coal and anthracite. As can be observed 
in Fig.3.3, the PL HCs transitioned from the biomass zone to the lignite region (H/C 
range 0.8 - 1.3, and O/C range 0.2 - 0.38) (Park and Jang, 2011) with an increase in 





the PL biochar is closer to the coal and anthracite rather than HC which indicates 
that the fuel value of PL biochar is much higher than PL HCs. This result was 
expected since it is known that during pyrolysis the biomass undergoes a series of 
destructive chemical reactions which leads to the production of biochar with higher 
fuel quality compared to HC. However the HTC process may be more suitable for 
solid production from wet PL in terms of wet processing capability with limited 
energy consumption. 
3.4.2. Fuel characteristics 
The HHV of PL and HC are listed in Table 3.1. The effect of treatment 
temperature and residence time on HHV and fuel ratio (FR) of HCs is shown in 
Fig.3.4. The overall reaction of HTC process is exothermic but it exhibits 
endothermic behaviour at the initial activation phase (Libra et al., 2011). However, at 
higher treatment temperature, the HHV of the individual HCs decreased probably 




Fig.3.4, Effect of treatment temperature and time on energy contents of HC. 
From Fig.3.4 it can be seen that the treatment temperature and time have a 





showed an increasing trend with the treatment temperature and time. This reflected 
the trend of increasing lignin content (relatively high C content) and decreasing of 
hemi-cellulosic components in HC (relatively high O content) (Reza et al., 2013) 
with treatment temperature and time (Section 3.3.3). The HHV of PL was 17.18 
MJ/kg and the HHV of HCs was in the range of 25.17 - 17.25 MJ/kg. The maximum 
HHV of the HC was observed for the (480-250) HC, however, the HHV decreased in 
the HCs obtained at temperatures >250 ºC, with the exception of the (30-300) 
sample. This is clearly related to the lower carbon content present in those HCs 
(Table 3.1). Similar observations were reported by (Reza et al., 2013) during the 
HTC of four types of lignocellulosic biomass (Corn Stover, Miscanthus, Switchgrass 
and rice hull) at 200 - 260 ºC for 5 min. The energy recovery defined as the ratio of 
the HHV of HC to that of PL multiplied by HY. The energy recovery decreased with 
increasing HTC severity due to decrease in HY. Whereas the FR (Table A.1.2), 
which was defined as the ratio of FC to VM, increased due to increase in FC with 
treatment temperature and time. These values indicated an increase in the overall 
energy content of HC with treatment temperature and residence time. From the 
energy content measurement, it can be concluded that the HHV of HC was clearly 
related to the changes in C carbon content, and the optimal peak energy was at 250 
ºC whereas the effect of residence time may be of lower significance. 
3.4.3. Fibre composition  
The fibre composition of PL and HC were investigated and listed in Table 3.2. 
Fig.3.5 shows the carbohydrate and lignin contents along with the pH value of the 
PL and HCs. Measurements of fibre composition indicated that the PL had 17.31 % 
of cellulose (as glucose), 19.95 % of hemicellulose sugars and 15.74 % of total 
lignin. The cellulose (as glucose) and total lignin contents of PL used in this study 
were different to those reported by Heilmann et al. (2014), however, the 
hemicellulose sugars and ash contents were similar. From the results, it can be noted 
that the sugar content of HCs decreased with increasing treatment temperature and 
time, with the total sugar contents decreasing from 48.0 to 0.0 %.  
The ethanol soluble extractives content of hydrochars presented in Table A.1.2, 
changed significantly with no specific trends which reflect the impact of treatment 






         
 
 
Fig.3.5, Fibre contents and pH value of PL and HCs. 
 
However, the total lignin content first increased with increasing treatment 
temperature and then decrease at higher temperature. Significant changes were 
apparent in cellulose (as glucose), hemicellulose sugars and total lignin contents at 
the higher temperature (≥ 175 ºC). It can be seen from Table 3.2 and Fig. 3.5, that 
hemicellulose sugars started to decompose at about 175 ºC and are completely 
degraded at about 225 ºC, which is in agreement with (Hendriks and Zeeman, 2009) 
while the cellulose (as glucose) contents completely degraded above 250 ºC. The 
total lignin content of the HC increased with increasing treatment temperature from 
150 to 250 ºC for all residence times. A possible reason could be due to its high 
thermal stability and removal of the hemi-cellulosic and cellulosic components 





            Table 3.2, Fibre composition of PL and HC on (db). 































               (*) Determined as Glucose; (Glc) Glucose; (Xyl) Xylose; (Man) Mannose; (Ara) Arabinose; (Gal) Galactose; (Rha) Rhamnose;  
                (KL) Klason lignin; (ASL) Acid soluble lignin; (TL) Total Lignin; (TS) Total Sugar. 
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PL 8.80 17.31 10.49 0.95 6.01 2.16 0.34 37.26 9.17 6.59 15.76 
30-150 6.40 24.41 14.86 0.83 6.53 1.39 0.06 48.08 15.97 3.02 18.99 
30-175 6.42 22.00 5.62 0.76 0.69 0.44 0.02 29.53 23.94 1.84 25.78 
30-200 6.13 28.86 1.86 0.67 0.03 0.21 0.0 31.63 32.59 1.19 33.78 
30-225 6.62 25.85 0.29 0.19 0.01 0.02 0.0 26.36 34.73 0.79 35.52 
30-250 7.65 0.88 0.0 0.0 0.0 0.0 0.0 0.88 55.04 0.44 55.48 
30-275 7.81 0.0 0.0 0.0 0.0 0.0 0.0 0.0 54.95 0.41 55.36 
30-300 7.78 0.0 0.0 0.0 0.0 0.0 0.0 0.0 48.47 0.33 48.70 
120-150 6.24 17.36 8.42 0.67 3.36 0.75 0.03 30.59 16.93 2.02 18.95 
120-175 6.18 27.49 4.15 0.89 0.14 0.42 0.01 33.1 36.90 1.93 38.83 
120-200 6.24 19.17 0.51 0.23 0.01 0.03 0.0 19.95 41.80 1.82 43.62 
120-225 7.05 12.92 0.05 0.04 0.01 0.01 0.0 13.03 60.95 2.10 63.05 
120-250 7.62 0.09 0.0 0.0 0.0 0.0 0.0 0.09 72.58 3.57 76.15 
120-275 8.11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 52.06 0.43 52.49 
120-300 8.05 0.0 0.0 0.0 0.0 0.0 0.0 0.0 74.22 3.28 77.48 
480-150 6.27 25.28 8.32 0.91 2.04 1.02 0.07 37.64 20.49 3.65 24.14 
480-175 6.05 23.79 1.78 0.69 0.02 0.12 0.0 26.40 35.51 0.92 36.43 
480-200 6.88 21.16 0.27 0.41 0.01 0.01 0.0 21.86 39.58 0.71 40.29 
480-225 7.38 4.37 0.0 0.0 0.0 0.0 0.0 4.37 56.32 0.43 56.75 
480-250 7.44 0.0 0.0 0.0 0.0 0.0 0.0 0.0 60.03 0.79 60.82 
480-275 7.81 0.0 0.0 0.0 0.0 0.0 0.0 0.0 56.29 0.44 56.73 





However, a further increase in treatment temperature resulted in a slight decrease in 
lignin content, this might be a consequence of lignin degradation (Acharya et al., 
2015; Khazraie Shoulaifar et al., 2014). A deviation from the general trends for 
lignin was observed for (120-300) HC which showed a slight increase in total lignin 
content, this may be the result of experimental error. 
It can be concluded from the carbohydrate and lignin contents reported in 
Fig.3.5 and supported by the findings from SEM analysis and FTIR spectra of the 
HC (A.1.1) that the HC produced at a temperature of 150 ºC showed no noticeable 
change in fibre composition compared to PL. However, those HCs obtained at >175 
ºC are strongly affected. This is because characteristically the hemi-cellulosic and 
cellulosic components decompose at relatively low temperature compared to lignin 
which resists hydrolysis under the conditions employed. Similar observations have 
been reported by (Reza et al., 2013) for four types of lignocellulosic biomass.  
Fig.3.5 shows that the pH value of the HCs decreased at lower temperature 
but at an elevated temperature it showed an increasing tendency. The HCs produced 
at ≤ 225 ºC showed weakly acidic character (pH ~6), which could be attributed to the 
degradation of hemi-cellulosic components at lower temperature into simple organic 
acidic products (Hendriks and Zeeman, 2009; Reza et al., 2015). However, at the 
elevated treatment temperatures the pH value of HCs increased to (pH ~8) typical of 
weakly basic species, which was attributed to the degradation of the produced 
organic acidic products at relatively higher temperature (Zhang et al., 2015). 
3.5. Conclusions 
The effect of process parameters on the yield, energy content and chemical 
composition of PL HC was investigated. The results showed that temperature was 
the dominant parameter and in particular the HY fell significantly as the temperature 
was increased while the HHV of the HC increased. This study also found that the 
chlorine was substantially removed at higher temperature but ash removal was 
favoured under milder conditions. To optimise HY, HTC should be carried out either 
at higher temperature and short time or low temperature and longer time 
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Chapter 4: Hydrothermal carbonisation of poultry litter: Effects of 
initial pH on yields and chemical properties of hydrochars  
The content of this chapter has been published in the Elsevier journal ‘Bioresource 
Technology’. The goal of this chapter is to investigate the effect of initial pH on 
yields as well as the chemical and fuel properties of hydrochars. 
Ghanim, B.M., Kwapinski, W., Leahy, J.J., 2017. Hydrothermal carbonisation of 
poultry litter: Effects of initial pH on yields and chemical properties of hydrochars. 
Bioresour. Technol. 238, 78 - 85. 
 
4.1. Abstract 
In this study, hydrothermal carbonisation (HTC) of poultry litter (PL) was carried 
out to evaluate the impact of initial pH using acetic acid (CH3COOH) or sulfuric acid 
(H2SO4) on the yields and properties of hydrochar (HC). The PL samples were 
treated by HTC at various initial pH and at 250 °C for 2 h. The HCs produced were 
characterized by ultimate, proximate and fibre analyses as well as heating value and 
surface area measurements. The results indicated that undertaking HTC in the 
presence of acids (CH3COOH, H2SO4) significantly affects the yields and properties 
of HC. The C content and HHV of the HC increased with decreasing initial pH. In 
the presence of H2SO4, the hydrochar yield (HY) increased while the ash content was 
significantly reduced. The lowest ash content and the highest HY were measured in 
the HC produced from the suspension with an initial pH of 2 using H2SO4.  
4.2. Introduction 
Poultry litter (PL) is a heterogeneous feedstock consisting of bedding material, 
faeces, urine, feathers and waste feed, and is the most suitable manure feedstock for 
thermal conversion processes (Ghanim et al., 2016). PL has been described as a 
complex mixture of alkyl moieties, sugars, aromatic systems, and acidic 
functionalities (Di Gregorio et al., 2014; Lynch et al., 2013). Notwithstanding, the 
advantages of PL for increasing soil fertility, there are environmental concerns about 
its over application on agricultural sites which may result in human and animal 
health risks through  leaching of nitrates and other pollutants into groundwater 
(Lynch et al., 2013). These risks have been alleviated to some extent by legislation 





the PL, reduce its volume, weight and its risk, and to potentially produce valuable 
products. 
Developing environmentally beneficial uses for animal by-products for 
application to land would help to alleviate problems associated with their 
management. Disposal technology for biowaste has clearly indicated that 
thermochemical conversion processes have the capability to covert animal by-
products into combustible gases, bio-oils and solid products which can be used as a 
soil amendment/fertiliser (Pandey et al., 2016; Taupe et al., 2016). Accordingly, 
thermal conversion technologies, including pyrolysis, gasification, combustion and 
hydrothermal carbonisation (HTC), are being used to convert biomass and/or 
biowaste into useful products while addressing compliance with environmental 
emission norms. Unlike pyrolysis, gasification or combustion which require 
relatively dry feedstocks, HTC typically is performed in water at moderate 
temperatures between 180 and 260 ºC and with residence times from 5 min to 
several hours under self-generated pressures above 1 MPa (Bach and Skreiberg, 
2016; Ghanim et al., 2016; Reza et al., 2016b; Wikberg et al., 2015). The HTC 
process is regarded as an environmentally friendly thermochemical process suitable 
for wet biomass and/or biowaste. There are several terminologies such as wet 
torrefaction and hot compressed water treatment sometimes used to describe HTC in 
the literature. The main advantages of the HTC process are the ability to convert wet 
biomass and/or biowaste into a sterile material, a significant reduction in weight and 
volume, and the facility to recover large amounts of heat (Libra et al., 2011). During 
HTC processing, the wet biomass and/or biowaste undergoes a number of complex 
chemical reactions including hydrolysis, dehydration, decarboxylation, aromatization 
and recondensation reactions (Acharya et al., 2015; Kambo and Dutta, 2015; Libra et 
al., 2011; Wikberg et al., 2015). As a result, a solid residue (hydrochar), a liquid by-
product and some gaseous products are formed.  
       One the main aims of the HTC process and the point-of-interest for this study is 
to produce a hydrochar (HC) with better chemical, physical and fuel properties 
compared with the raw biomass/biowaste (Bach and Skreiberg, 2016). The HC, 
which has been proposed as a soil amendment and as a substrate for environmental 
remediation, is carbon and energy-dense (Wikberg et al., 2015). The quality and 
yields of the HC depend on the composition and conditions of the process such as 





and residence time, the formation and quality of the products can be affected 
significantly by the composition of the process reagents such as feedstock type, raw 
material/water ratio, and initial pH (Ghanim et al., 2016), etc. 
Even though the utilization of PL as raw material for HTC has been studied by 
Ekpo et al., (2016b), Heilmann et al., (2014), Oliveira et al., (2013) and Sun et al., 
(2011) relatively few investigations focus on the effects of the process parameters on 
the HC properties and quality (Ghanim et al., 2016; Mau et al., 2016). Understanding 
the effect of the process parameters on the HC properties is crucial to address its 
agricultural and environmental uses and to allow meaningful application quality 
assessments. Ghanim et al., (2016) addressed the effects of treatment temperature 
and residence time on HC produced from PL and concluded that treatment 
temperature was the most significant variable in changing the HC qualities. They 
also found that the optimum process conditions for obtaining high HY from PL with 
high C and low ash content in the HCs were 250 ºC for 120 min.  
As well as investigating the effects of treatment temperature and residence time, 
a number of studies have undertaken  HTC of biomass and biowaste at different 
initial pH’s using  a variety of acids and bases. Other studies in this field have 
focused on the effect of various salts on HTC. The investigations have found that the 
addition of acids, bases and salts can have a significant effect on the degree of 
carbonisation, and have been recommended to extract certain elements, in order to 
improve the physicochemical properties of the HTC products and to reduce the 
reaction pressure and temperature (Ekpo et al., 2016a; Latham et al., 2014; Lynam et 
al., 2011; Xu et al., 2010). Various acids have been used in these HTC experiments 
with a significant impact on product characteristics being observed. The most 
frequently reported organic acids were acetic and citric acid (Hu et al., 2008; Lynam 
et al., 2011; Reza et al., 2015), while the equivalent mineral acids were hydrochloric 
and sulfuric acid (Latham et al., 2014; Lu et al., 2014; Wikberg et al., 2015; Yang et 
al., 2015). However, the role of the initial pH in the overall distribution and 
composition of reaction products from the HTC of PL remains unclear which 
provides the motivation for this study. Moreover, the potential to enhancing the 
hydrothermal reaction rate using catalysts is becoming an essential option because it 
can help lower the treatment temperature and residence time of the processes, which 





4.3. Materials and Methods 
4.3.1. Materials 
PL samples with straw as the bed material were collected from a farm located 
near Limerick, Ireland. The collected samples were transferred to the laboratory and 
prepared according to BS EN 14780:2011. The samples were kept in sealed 
polyethylene bags and stored in the freezer until required. The stored samples used 
for the experiments were on an as received basis (ar) however prior to analysis the 
PL was crushed and sieved to a particle size <0.75 mm and dried in an oven at 105 
ºC for 24 h. Sulfuric acid (H2SO4) 95.0 - 97.0 w/w% and acetic acid (CH3COOH) 
≥99.8 w/w%  were purchased from Sigma–Aldrich.  
4.3.2. HTC experimental procedure  
HCs were produced following a typical HTC process. Briefly, the 
experiments were carried out using an 8.0 litre Parr stirred pressure reactor fitted 
with a removable glass liner. An electric heater was used to supply the heat to 
maintain the temperature of the reactor. The heating and cooling rates were the same 
for each experiment as the same reactor was used for all experiments. The PL (ar) 
(200 g) with a moisture content of 37.26 ± 0.51 % was loaded into the glass liner 
with one litre of distilled water. The suspension was thoroughly mixed for 30 min 
and then the pH value was measured as 9.21 ±0.18, following which concentrated 
CH3COOH or H2SO4 was added to achieve the desired pH. For comparison a control 
experiment (CE) was conducted with no acid added. After the glass liner containing 
the suspension was placed into the stainless steel reactor, it was purged with N2 and 
the stirring was started. The reactor was then heated to the desired treatment 
temperature (250 ºC) set using a PID controller, however, the reactor pressure was 
not controlled but was monitored during the experiments. When the desired 
temperature was reached inside the reactor, the 2 h residence time was initiated. 
After the target residence time was achieved, the heating was turned off and the 
reactor was rapidly cooled to room temperature by immersion in a cold water bath. A 
more detailed description of the experimental conditions for each experiment can be 
found in the Table A.2.1. The reactor was vented of gases at ambient temperature 
and the HCs were recovered as a solid residue by vacuum filtration, followed by 
drying at 105 °C overnight. The HCs were powdered to < 0.75 mm, homogenised 





was carried out in duplicate and the HC’s were mixed prior to analysis. The HC 
samples were designated as SA-pH and AA-pH where the SA, AA and pH are 
sulfuric acid, acetic acid and initial pH respectively.  
4.3.3. Characterization methods 
Characterisation of PL and HCs was conducted on a dry basis (db) using suitable 
standard methods, with all measurements performed in triplicate and the mean values 
with standard deviation (SD) reported.  Moisture content was determined by the 
mass loss of the sample at 105 °C according to I.S. EN 14774-3:2009, whereas ash 
and volatile matter (VM) were measured according to BS EN 14775:2009 (550 °C) 
and I.S. EN 15148:2009 (900 °C) respectively. Fixed carbon (FC) content was 
calculated by subtracting the ash and VM contents from 100 %. The elemental 
composition (C, H, N, S) was determined using a Vario EL cube elemental analyser 
with oxygen calculated by difference. The higher heating value (HHV) was 
measured using an Isoperibol Calorimeter 6200 (Parr Instrument) according to I.S. 
EN 14918:2009. The liquid samples generated during the measurement of HHV 
were used to determine the chlorine content using a chlorine ion selective electrode 
according to CEN/TS 15408:2006. The fibre content (sugars, lignin and acid 
insoluble residues) were determined according to NREL/TP-510-42618, the details 
of the experimental procedure can be found elsewhere (Ghanim et al., 2016). The pH 
values were measured according to ASTM D2976-71. Nitrogen adsorption analysis 
to determine BET surface area and pore structure was carried out at 77 K using a 
Micromeretics Quantachrome instrument. FTIR spectra were obtained using a Cary 
630 FT-IR spectrometer in the wave number range from 4000 cm-1 to 650 cm-1. A 
Hitachi S-2700 scanning electron microscopy (SEM) was used to investigate the 
structure of HCs.  
4.4. Results and discussion  
4.4.1. Effects of initial pH on HY  
In order to evaluate the effects of initial pH on the efficiency of the HTC 
process, the HY was calculated as a percentage of the dry HC to the input dry PL. 
Table 4.1 lists the HYs and the effect of initial pH on HY is illustrated in Fig.4.1. 
The results show that the initial pH influences the HY which increased with higher 
acid concentration in the presence of H2SO4 but fell slightly when the concentration 





with the highest HY obtained for SA-2 HC which was more than 50 % higher than 
that observed for the CE HC. The HY of AA-4 HC was reduced by 4.9% while that 
for SA-4 HC increased by 25.1 % compared to CE HC. This suggests that the type of 
additive is more important than the initial pH. The change in HY arises due to the 
formation of insoluble humins which are indistinguishable from HC during H2SO4 
catalysed hydrolysis while there may also be dissolution of some of the lignin when 
using CH3COOH as the catalyst (Ligero et al., 2005). Wikberg et al., (2015) also 
reported an increase in HY at lower pH for HTC of softwood Kraft lignin at 240 °C 
for 22 h in the presence of H2SO4. They assigned it to the dissolution of higher 
amount of lignin in the liquid phase which then polymerized to HC over time.  
 
 
Fig.4.1, Effect of initial pH on yield and chemical composition of HC. 
 
A similar trend of HY was observed by Lynam et al., (2011) while using HTC to 
produce HCs from Loblolly pine in the presence of CH3COOH. They attributed this 
to the catalytic role of CH3COOH in the process which led to more cellulose 
reacting. Reza et al., (2015) reported a decrease in HY during an evaluation of the 





CH3COOH and KOH. They attributed this observation to the enhancement of the 
degradation of biomass components by CH3COOH. 
 
4.4.2. Effects of initial pH on ultimate and proximate analysis of HC 
From the proximate analysis results reported in Table 4.1 and Fig.4.1, the 
VM and FC contents of HCs were in the range of 38.3 - 46.3 % and 27.3 - 33.2 % 
respectively. The measurements showed that there was very little change in VM or 
FC between the HCs compared to CE HC except for VM at high H2SO4 
concentration. It is of interest that the VM content in HC increased with increasing 
the H2SO4 concentration which is probably due to the hydrolysis of lignocellulosic 
components into short chain hydrocarbons. However, the exact opposite trend for 
VM content was reported by Chen et al., (2012) in HC produced from HTC of 
bagasse at 180 ºC for 5, 15 and 30 min in the presence of H2SO4 and they observed 
that the VM content decreased with increasing the acidity suggesting that lower 
molecular weight species were polymerising to more thermally stable humins. 
In thermochemical conversion processes, the direct impact of high ash 
content, whether from physiological ash or from soil contamination, is the increased 
cost and logistical implications of biomass and/or biowaste conversion. Reducing the 
ash content, resulting in the removal of undesirable metals (alkali and alkaline earth), 
diminishes the risks of clinker formation or corrosion, etc., which would be highly 
advantageous especially if the products are used for energy production (Bach and 
Skreiberg, 2016; Kambo and Dutta, 2015). The ash content of the CE HC increased 
almost twofold compared to 16.16 % that of PL due to a significant proportion of the 
organic matter being converted into volatile compounds which are dissolved in the 
liquor or lost to the gas. Looking at the results listed in Table 4.1 and shown in 
Fig.4.1, a general trend can be identified. The ash content of HCs is significantly 
affected by the initial pH, with an increase in acidity resulting in a decrease in the 
ash content of HCs, an observation that was also reported by others (Bach et al., 
2015; Chen et al., 2012; Reza et al., 2015). This is due to the acid solvation 
mechanism, which would solubilise and leach inorganic elements from the HC (Bach 
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The acid type also influenced the ash content, with significantly lower ash found in 
the HCs produced in the presence of H2SO4. SA-4 HC had lower ash content than 
that measured in AA-4 HC. Compared to the CE HC, the ash content in SA-4 HC 
was reduced by 19.0 % while the comparable figure for AA-4 HC was 8.3 %. This 
could be due to the H2SO4, producing soluble sulphates from K, Na and Mg, and 
facilitating the leaching of these inorganic elements (Ekpo et al., 2016a). These 
results suggest that the HTC of PL in the presence of H2SO4 imparts a greater 
influence on ash content of HCs than that in the presence of CH3COOH. Ash 
recovery (db) (Table 4.1), which defined as the ratio of the ash content of the HC to 
that of the PL multiplied by HY, was in the range 0f 40.1 to 56.2 %. This means that 
more than 40 % of amount of undesirable metals were removed which is considered 
as a highly advantageous. 
As the energy content is a strong function of C, the production a high quality 
HC (high C and low O content) is the one of the main targets of any HTC process. 
From the results as presented in Table 4.1, it is apparent that there is a substantial 
difference in C content between PL and the HCs confirming that carbonisation took 
place. In the CE HC, the C content increased to 51.4 % compared to 42.3% for the 
PL. In the HCs prepared in the presence of acids, the C content increased with the 
acidity and the values were within the range of 49.5 - 56.4 % with the highest value 
for SA-4 HC, giving an increase of  9.8 % compared to the CE HC. In order to get a 
clearer insight into the effect of pH and acid type on C content, the C recovery (db) 
(Table 4.1), defined as the ratio of the C content of the HC to that of the PL 
multiplied by HY, was calculated. The C recovery increased with increasing the 
acidity using H2SO4, while it was relatively constant when CH3COOH has been used 
confirming increased humin formation in the presence H2SO4. This difference is due 
to the effects of the different acids on the overall rate of decomposition of the 
biomass components in the bedding material of PL (Funke and Ziegler, 2010).  
In contrast to the trend for C content, the O content decreased with the 
increase of the acidity indicating that decarboxylation and/or hydration reactions 
occurred. The O content was 8.4 % in CE HC and decreased to between 5.6 - 8.1 % 
for HCs produced in the presence of acids. It can also be observed from the results 
(Table 4.1) that the HCs obtained in the presence of H2SO4 had higher O content 
compared to those from CH3COOH, again suggestive of the humin formation from 





and O contents of HC was observed and reported by Mumme et al., (2011), Reza et 
al., (2015) and Wikberg et al., (2015).  
The H and N contents of HCs were largely unaffected by changes in the 
initial pH, similar effects were reported also by Reza et al., (2015). The S content 
increased with acidity in the presence of the CH3COOH, and increased sharply in the 
HCs prepared in the presence of H2SO4. From the results, the Cl content, which was 
1.0% in PL, decreased in all HCs to < 0.1 % (Table A.2.2). A similar result was 
reported by Ghanim et al., (2016) Many studies have discussed the effect of HTC on 
the Cl content of HC and reported that HTC is effective for converting the insoluble 
organic Cl into inorganic Cl (soluble in water) (Indrawan et al., 2012; Zhao et al., 
2014). Therefore, the results suggest that the conversion of the organic chlorine into 
inorganic chlorine might be enhanced by the conditions employed in this study. 
4.4.3. Effects of initial pH on the pH of HC  
Funke and Ziegler, (2010) proposed that a variety of organic acids are formed 
as intermidiate products during the HTC process causing the product pH to decrease, 
which further catalyses the HTC reactions. The pH of the HCs was measured and the 
results are shown in Table 4.1. It is important to notice from the results that despite 
varying the initial pH, all of the HCs had a very similar pH, and were neutral to 
slightly acidic, while the pH of the original PL was basic with a pH 9.21. The HCs 
obtained from the suspensions with pH < 7 were weakly acidic while the others were 
neutral. Compared to the initial pH, the decrease in the pH of HCs was mainly 
caused by the formation of organic acids during HTC process (Hendriks and 
Zeeman, 2009; Reza et al., 2015), however, the reason behind the increase in the 
HCs pH could be the presence of ammonia and other basic substances (Mumme et 
al., 2011; Reza et al., 2016a) as well as the catalytic role of H2SO4 in the degradation 
of produced organic acids (Ekpo et al., 2016a). Also the presence of CH3COOH in 
the reaction may reduce the potential for CH3COOH formation, leading to a slightly 
higher pH for these HCs. Similar effects were observed and reported by Lynam et 
al., (2011) and Reza et al., (2015) for HC’s generated in the presence of CH3COOH. 
4.4.4. Effects of initial pH on carbohydrate and lignin contents of HC 
The primary goal of the HTC process is to break down the rigid structure of 
the biomass polymers into small and lower molecular weight chains (Kambo and 





from the bedding material and it was anticipated that the H2SO4 and CH3COOH 
would catalyse the hydrolysis of the hemicellulose and some of the cellulose at the 
temperature used for HTC. Therefore fibre analysis of PL and the HCs was 
performed to identify any changes in chemical composition and energy content of 
HCs as well as to understand the decrease and increase of HY with the addition of 
either CH3COOH or H2SO4. The scientific literature identifies treatment temperature 
and residence time as the main process parameters influencing the quality of HCs 
produced from biomass and/or biowaste (Bach and Skreiberg, 2016; Ghanim et al., 
2016; Reza et al., 2016b, 2014a).  
 












































































































































Determined as Glucose (*);Values (Means ±average of SD); Glucose (Glc); Total Sugar (TS); Kilson 
Lignin (KL); Acid Soluble Lignin (ASL); Total Lignin (TL); Total Lignin Recovery (TLR); Acid 
Insoluble Residues (AIR).  
 
The measurements of sugars and lignin contents of PL and HCs, which are listed in 
Table 4.2 and as Table A.2.2, indicated that the PL had 20.4% of total lignin (TL), 
35.3% of total sugars (TS) and 14.9 % of acid insoluble residue (AIR). However, for 
the CE HC, the TL content increased from 20.4 to 67.1 % compared to PL while the 





sugar (glucose) remained after treatment. Cellulose hydrolysis increased with acid 
concentration with no detectable glucose present for the SA-2 HC (Bach et al., 2015; 
Reza et al., 2015). Similar behaviour for cellulose was reported by Lu et al., (2014) 
and Lynam et al., (2011). Table 4.2 gives the total lignin recovery (TLR) relative to 
the original PL. The TLR values are all less than 100% for the CH3COOH catalysed 
experiments suggesting dissolution of some lignin while it exceeded 100 % for the 
higher concentrations of H2SO4 signifying humin formation. The results confirm the 
work of Thammasouk et al., (1997) who suggested that the testing protocol for 
Klason lignin cannot adequately distinguish between lignin and humins.  
The lower lignin recovery for the CH3COOH treated HCs suggests that the 
CH3COOH may be solubilising lignin in a manner resembling the acetosolv pre-
treatment process. It has been determined that good solvents for lignin dissolution 
should have values of the Hildebrand solubility parameter close to 11, organic acids, 
such as CH3COOH and HCOOH, have values between 10.1 and 12.1, and these can 
effectively dissolve lignin at moderate temperatures. Several authors Erdocia et al., 
(2014), Ligero et al., (2008), Pan and Sano, (2005) and Zhao et al., (2009) have used 
CH3COOH and HCOOH to delignify different lignocellulosic materials, and have 
characterised the isolated lignins obtained using these carboxylic acids.  
The current observations about TL content were similar to those reported by 
Reza et al., (2015) however, Lynam et al., (2011) have reported that the lignin of the 
Loblolly pine is unaffected by the changing of the initial pH using CH3COOH. Also 
it was previously reported that, the change in pH value in the range 4.0 - 10.0 has no 
significant effect on hemicellulosic, cellulosic and lignin contents (Yang et al., 
2015). These differences might be due to the difference in the raw material and 
process conditions. 
4.4.5. Effects of initial pH on fuel properties of HC  
The conversion of PL to HC is best represented through a Van Krevelen plot, 
which provides insights on fuel characteristics and the possible reaction routes. In 
the van Krevelen diagram, which is presented in Fig.4.2 for the HCs produced in this 
study, the typical zones for lignite, coal, anthracite and biomass as well as the 
possible reaction routes (dehydration and decarboxylation) are indicated. For 
comparison, the atomic ratios of lignite (H/C 1.11; O/C 0.37), sub-bituminous (H/C 





(2016) are also presented. The results showed that the atomic H/C and O/C ratios in 
PL as 1.55 and 0.53 whereas those for the HCs were in the range of 1.01 - 1.12 and 
0.08 - 0.12 respectively. The O/C atomic ratio decreased with increasing acidity of 
the initial suspension; however, the H/C atomic ratio remained relatively constant. 
According to the Van-Krevelen diagram, solid fuel with higher energy content 
should be located at the lower left corner close to coal and anthracite. As can be seen 
from Fig.4.2, the PL was located in the upper right corner, typical of biomass while 
the HCs were found as a cluster close to the lignite and coal locations. These results 
suggest that decarboxylation reaction, which results in minimal C release with more 
significant O release, occurred and appear to be a more important conversion 
pathway, indicating that the fuel quality of these HCs is better.  
 
    
Fig.4.2, Van Krevelen diagram. 
 
Based on these findings, it can be concluded that the addition of acid had a greater 
influence on the O/C than on the H/C atomic ratio. This finding was in agreement 
with the FT-IR spectra and the similar conclusions were drawn by others (Lu et al., 





The purpose of HTC of biomass and/or biowaste is to produce an energy-dense HC, 
thus the HHVs were measured and listed in Table 4.1 while Fig.4.3 shows the 
change in energy contents of HCs. The HHV of PL was 17.1 MJ/kg while that of the 
CE HC was 21.9 MJ/kg. The results show that there was a little change in HHV 
which varied from 20.6 MJ/kg to a maximum 24.2 MJ/kg of SA-4 HC with total 
increase of 10.7 % compare with CE HC. The HHV of SA-4 and AA-4 HCs were 
similar while SA-7 and AA-7 HCs had different HHV. Also from the findings, can 
be found a significant correlation between HHV and C content of HCs and reflected 
fiber contents of HCs.  
 
Fig.4.3, Effect of initial pH on energy content of HC. 
 
Various studies have shown that the HHV of the biomass and/or biowaste can be 
enhanced under acidic condition (Lynam et al., 2011; Mumme et al., 2011). 
However, current results and others (Reza et al., 2015; Yang et al., 2015) showed 
that the HHV was relatively unaffected. The energy recoveries (ER), defined as the 
ratio of the HHV of HC to that of PL multiplied by HY, are shown in Table 4.1, and 
ranged from 28.8 to 53.1%. As shown in Fig.4.3, the ER was relatively unaffected by 





The fuel ratio (FR) and energy density (ED), which are defined as the ratio of FC to 
VM of HCs and as the ratio of the HHV of HC to that of PL respectively, were 
relatively unaffected by changing initial pH (Table A.2.2). 
4.4.6. Effects of initial pH on structural properties of the HC 
4.4.6.1. Scanning electronic microscopy  
In addition to the fibre chemical analysis, SEM images were obtained in 
order to get more insight into the fibre morphology and surface properties of the 
HCs. HTC mostly influences the biomass components, which alters the surface 
properties of the HCs. The hemicellulose sugars completely degraded at high 
temperatures and the cellulose is also degraded at low pH value; however, the 
remaining undecomposed lignin or humins by-products may produce different 
shapes of holes and cavities on the HC surface. The SEM images of the CE HC and 
SA-2 HC can be seen in the Figs.A.2.1 & A.2.2. Comparing between these images, it 
is clear that the morphology of the HC was influenced by the acidity. The SA-2 HC 
surface is rough because of its heterogeneous pores and cavities, which is attributed 
to the absence of the hemi-cellulosic and cellulosic components and high 
concentration of lignin/humins. As a result, HCs produced with high lignin/humins 
content would have more cavities and rougher surfaces (Islam et al., 2015). These 
observations are in line with the fibre findings.   
4.4.6.2. FTIR spectra  
For a better understanding of the chemical composition and structure of HCs, 
and to observe change in the organic functional groups, FTIR spectra of the HCs and 
PL were obtained and are shown in the Fig.A.2.3. The spectra show several 
characteristic bands. Bands positioned around 3300 cm-1 are assigned to O-H and N-
H stretching vibrations (Latham et al., 2014; Yang et al., 2015), those between 2920 
- 2850 cm-1 to aliphatic C–H stretching (Reza et al., 2016a), at 1640 cm-1 to the C=O 
group in the cellulose and hemicellulose compound (Luo et al., 2016; Reza et al., 
2014b), at 1599 and 1434 cm-1 to C=C stretching of the aromatic ring and the 
aromatic C-H in the lignin (Reza et al., 2015; Yang et al., 2015), between 1156 - 
1020 cm-1 to C–O stretching, SO4 stretching and mineral compounds as Si-O 
(Latham et al., 2014; Petkova et al., 2013), and 676 cm-1 to SO4 stretch (Latham et 
al., 2014). As expected, the IR spectra of the PL and HCs showed peaks at similar 





with those of the HCs, reveal that the intensity of the O-H peak in the IR spectra of 
CE HC was significantly lower due to oxygen removal indicative of the 
decarboxylation and/or dehydration reactions occurring during HTC. The peak at 
1640 cm-1 while visible in the IR spectra of PL, was significantly reduced in the HC 
samples indicating a loss of hemicellulosic and cellulosic components, which was 
confirmed in the fibre analysis. The intensities of lignin peaks present at 1434 and 
1599 cm-1 were relatively constant for all HCs and similar to those for PL, suggested 
that the lignin was retained in the structures of HCs. Comparing the IR spectra of the 
CE HC with the other HCs, pronounced changes can be observed in the spectrum of 
the SA-2 HC. Intense peaks are present at 1156 and 1100 cm-1 clearly indicating that 
sulfoxides are forming; these are accompanied by a sharp peak at 676 cm-1 typical of 
sulphonic acids.  
4.4.6.3. Nitrogen sorption analysis  
Nitrogen adsorption and desorption were performed at 77 K for all HCs to 
evaluate the effects of the change in initial pH on the structural parameters (surface 
area, pore volume and pore size) of HCs and the results (BET, BJH and DH) are 
presented in the Table A.2.3. Normally, HCs have low surface areas and porosity 
(Kambo and Dutta, 2015), and the current results are consistent with this. The BET, 
BJH and DH, the surface area, pore volume and pore size of all HCs were in the 
range of 3.04 - 16.43 m2g-1, 0.046 - 0.097 mlg-1 and 1.59 - 4.96 nm respectively. The 
highest values were mostly reported for SA-7 HC however, SA-HC had the lowest 
values. These values suggest that the porous structure cracked and might be partially 
closed as a result of the reacting of alkali and alkaline earth metals, which can lead to 
a low surface area and influence the porosity (Kambo and Dutta, 2015). In general, 
the structural parameter measurements of all HCs decreased with decreasing pH, this 
might be due largely to the pore wall collapse. The results were different to those of 
Reza et al., (2015) who reported that the surface area and pore volume increased 
with the acidity while the pore size decreased, these differences might be due to the 
difference between the raw material and process conditions.   
4.5. Conclusion 
This study experimentally investigated the influence of initial pH on yield, 
energy content and chemical composition of HC produced from HTC of PL at 





yield and chemical composition of HC. The results also showed that the type of 
acids, organic or mineral, was important in terms of their effects on the yields and 
composition of HC. In the presence of acetic acid, the ash recovery decreased while 
carbon and energy recoveries relatively were constant. However, at high sulfuric 
acid concentration, energy, carbon and ash recoveries increased. 
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Chapter 5: Speciation of nutrients in hydrochar produced from 
hydrothermal carbonisation of poultry litter under different 
treatment conditions 
The content of this chapter was submitted to ACS Sustainable Chemistry & 
Engineering Journal for publication. The goal of this Chapter is to investigate the 
effect of treatment temperature, residence time and initial pH on the nutrient contents 
in hydrochar. 
Ghanim, B.M., Kwapinski, W., Leahy, J.J., ‘Speciation of nutrients in hydrochar 
produced from hydrothermal carbonisation of poultry litter under different treatment 
conditions’. 
5.1. Abstract 
In this study, the effects of operating parameters on behaviour of nutrients during 
hydrothermal carbonisation (HTC) of poultry litter (PL) were investigated. 
Therefore, a large number of HTC of PL experiments were carried out under 
different treatment temperature, residence time and initial pH. The standard 
measurement and testing (SMT) procedure was adapted to determine phosphorus (P) 
species in produced hydrochar (HC) while the Ca, K, Mg, Na, Al, Zn, Mn, Fe, Cu, 
Cr and Pb contents in each fraction were quantified and related to the P fractions. 
The results indicate that HTC can substantially reduce the solubility of most of the 
measured elements. The treatment temperature and initial pH can significantly 
influence the speciation of P and other nutrients, while the residence time effects are 
apparent at low treatment temperature. The majority of the measured nutrients 
remained in the HC produced without additions; however, adding acids particular 
H2SO4 provided a good approach for nutrient extractions. 
5.2. Introduction 
The production of animal (dairy, swine and poultry) manure has increased 
rapidly as a consequence of the growing human population’s demand for livestock 
products. Poultry farms produce significant quantities of organic waste which pose 
challenges for its safe and effective disposal (Liu et al., 2017; Qambrani et al., 2017). 
Poultry litter (PL) is a type of biowaste which consists predominantly of urine and 





farming wastes (Ghanim et al., 2016; Zhongqi et al., 2016). Furthermore, the nutrient 
content and amount of organic matter in PL is much higher compared to many other 
kinds of biomass/biowaste (Wang et al., 2015; Zhongqi et al., 2016), thus, land 
application and composting of PL are common and are the cheapest methods for 
managing and disposal of it in large quantities. However, PL is also considered as an 
environmental pollutant, in fact, several researchers have found that manure 
application to agricultural land leads to several environmental problems, including 
soil P accumulation, an acceleration of P losses to surface water and odor release, etc 
(Huang et al., 2017; Lynch et al., 2013; Tu et al., 2016; Zhongqi et al., 2016). 
Consequently, because of the diminishing availability of land and stricter 
environmental regulations (Dai et al., 2016), the proportion of soil application and 
composting treatment facilities are gradually declining.  
Phosphorous (P),  is essential for plant and animal growth with the vast 
majority derived from rock phosphorous  which is being slowly depleted (Huang et 
al., 2017) and was added to the EU list of critical raw materials in 2014 (Kahiluoto et 
al., 2015; Silva et al., 2017). Given the global concern with P resource depletion and 
in order to minimize the environmental risk of direct soil of PL and improve its 
utilization, the development of an alternative high-efficiency and environment 
friendly method for recycling of nutrients from the large quantities of PL is one 
strategy to achieve several goals simultaneously (Huang et al., 2017). 
There is a growing interest in nutrient recovery from biowaste such as 
manures, and thermal processing has been proposed as a step to facilitate that. Thus, 
thermal processes could present the opportunity to help solve many environmental 
issues in a single approach. A number of studies have demonstrated that thermal 
conversion processes such as pyrolysis, gasification and hydrothermal carbonization 
may offer appropriate features for treating biomass/biowaste, producing a more 
stable product and enriching the product significantly with respect to P (Latham et 
al., 2014; Simsir et al., 2017). Among the disposal alternatives, the hydrothermal 
carbonization (HTC) process is considered to be a very effective thermal treatment 
for high moisture biowaste and would become a promising strategy to control the 
nutrients loss problem (Gu et al., 2017; Reza et al., 2016a). HTC is a thermal 
conversion process performed in water at moderate temperatures (180 - 260°C) 
under self-generated pressure with residence times from a few minutes to several 





solid hydrochar (HC) which can be used to recycle nutrients back into agricultural 
soil, along with aqueous and gaseous products (Ghanim et al., 2017, 2016). The 
chemical and physical properties of the HC produced are highly dependent on the 
process conditions such as treatment temperature, residence time and initial pH 
(Ekpo et al., 2016a; Ghanim et al., 2017, 2016; Mau et al., 2016; Reza et al., 2016b). 
Manipulation of the treatment process condition is a major benefit to produce 
suitable products as it can streamline the HC properties for a variety uses (Bach and 
Skreiberg, 2016; Liu et al., 2017). On this basis, it is important to understand the 
effects of the treatment medium on HC chemical and physical properties particularly 
the immobilization and nutrient release form PL during HTC (Huang et al., 2017). 
Even though considerable research has been conducted in the field of 
hydrothermal treatment (Ekpo et al., 2016a; Heilmann et al., 2014), it is surprising 
given the abundant nutrient content in PL (Zhongqi et al., 2016), few research 
investigations have focused on the nutrient behavior during the HTC process under 
various treatment conditions. The vast majority of previous research reports focused 
on HC as a potential solid fuel; however, the nutrient contents deserve more 
attention.  
Different methods can be used for characterizing biowaste nutrient 
fractionation (Pardo et al., 1998), including the standard measurement and testing 
(SMT) protocol which has been used for P fractionation in numerous forms of 
biowaste samples (García-Albacete et al., 2012; Wang et al., 2017); however, almost 
no information is available in the literature about using this method to understand the 
portioning of P in PL and its HC.  
The main objective of this study was to report on the changes occurring in the 
P species as well as other nutrients in the HC obtained from HTC of PL at different 
treatment temperatures, residence times and initial pH. For this reason, a large 
number of HC samples were prepared at various treatment temperatures ranging 
from 150 to 300°C with residence times of 5, 30, 120, and 480 min, and at the 
different initial pH ranging from 9 to 2 achieved using CH3COOH or H2SO4. The 
SMT protocol was applied in order to identify and quantify the different P species 
along with other nutrients in PL and its HC products. The concentrations of P and 
relevant elements in each fraction were determined using inductively coupled plasma 
OES, which provides accurate quantification and reasonable sensitivity for P 





previously investigated for the effects of treatment temperature, residence time and 
initial pH on yields and chemical properties of HC (Ghanim et al., 2017, 2016).  
The results obtained will help in understanding the effect of the examined 
treatment conditions on nutrient chemistry specifically regarding P forms in PL 
during HTC, and controlling HC properties based on treatment conditions. Also this 
work could provide insight into the fate of some inorganic elements during the HTC 
process. The results are expected to be favorable for optimizing the HTC process for 
treating PL and producing a HC as a fertilizer and/or as fuel.  
5.3. Materials and methods 
5.3.1. Material 
PL samples with straw as the bed material were collected from a farm located 
near Limerick, Ireland. The collected samples were transferred to the laboratory and 
prepared according to BS EN 14780:2011; they were kept in sealed polyethylene 
bags and stored in the freezer until required. The stored samples used for the 
experiments were on an as received basis (ar) however prior to analysis the PL was 
crushed and sieved to a particle size <0.75 mm and dried in an oven at 105 ºC for 24 
h. Sulfuric acid (H2SO4) 95.0 - 97.0 w/w%, acetic acid (CH3COOH) ≥ 99.8 w/w%, 
hydrochloric acid (HCl) 37%, nitric acid (HNO3) 65%, hydrogen peroxide (H2O2) 30 
% and sodium hydroxide (NaOH) were purchased from Sigma–Aldrich.  
5.3.2. HTC experimental procedure 
HCs were produced following a typical HTC process and the details of the 
experimental procedure can be found elsewhere (Ghanim et al., 2017, 2016). Briefly, 
the experiments were carried out using an 8.0 litre Parr SS316 stirred pressure 
reactor fitted with a removable glass liner. An electric heater was used to supply the 
heat to maintain the temperature of the reactor. The heating and cooling rates were 
the same for each experiment as the same reactor was used for all experiments. 
Initial HTC experiments were designed to understand the impact of treatment 
temperature, residence time and initial pH. The PL (ar) (200.8 ±1.1 g) with a 
moisture content of 37.3 % was loaded into the glass liner with one litre of distilled 
water; the suspension was thoroughly mixed for 30 min after which the pH value 
was measured. In the case of the treatment temperature and residence time 
investigation experiments, the pH of the mixture was measured as 8.83 ±0.04, 





mixture was 9.21 ±0.18, following which concentrated CH3COOH or H2SO4 was 
added to achieve the desired pH. In both cases, the glass liner containing the 
suspension was placed into the stainless steel reactor which was sealed and purged 
with nitrogen before stirring was started and the reactor was heated to the desired 
treatment temperature (150 - 300°C) using a PID controller; the reactor pressure was 
not controlled but was monitored during the experiments. When the desired 
temperature was reached inside the reactor, the residence time (5 - 480 min) was 
initiated. After the target residence time was achieved, the heating was turned off 
and the reactor was rapidly cooled to room temperature by immersing in a cold water 
bath. The reactor was vented of gases at ambient temperature and the HCs were 
recovered as a solid residue by vacuum filtration followed by drying at 105°C 
overnight. The HC samples were powdered to <0.75 mm, homogenised and stored in 
an airtight container at room temperature for analysis. Each experiment was carried 
out in duplicate and the HC samples were mixed prior to analysis. HC samples 
identification (IDs) is represented as t-T, SA-pH and AA-pH where t is time, T is 
temperature, SA is H2SO4, AA is CH3COOH and pH is initial pH. 
5.3.3. Characterization methods 
Characterisation of PL and its HC was conducted on a dry basis (db) using 
suitable standard methods, with all measurements performed in triplicate and the 
mean values with standard deviation (SD) reported. Moisture content was 
determined by the mass loss of the sample at 105 °C according to I.S. EN 14774-
3:2009. For the elemental analysis (K, Ca, P, Mg, Al, Zn, Cu, Mn, Fe, Na, Cr and 
Pb), the PL and HC samples were fractioned according to the SMT protocol. In 
addition, aqueous extraction and conventional acid digestion (CEN/TS 15290:2006) 
were carried out, for comparison purposes. Subsequently, all elements were 
quantified using inductively coupled plasma−optical emission spectroscopy (ICP-
OES), Agilent Technologies 5100 ICP-OES. Scanning Electron Microscopy (SEM) 
and Electron Dispersive X-ray Spectroscopy (EDS) was performed on the HC using 
a Hitachi S-2700 SEM. 
5.3.4. Extraction Procedures 
To investigate the concentrations of the different nutrients in PL and derived 
HC samples, several methods can be used but aqueous extraction and SMT protocol 





acid digestion procedure was performed to evaluate the quality of analytical data of 
the SMT protocol. 
5.3.4.1. Aqueous extraction procedure   
Aqueous extracts of nutrients were obtained by shaking ~ 0.5 g (db) samples 
of HC or PL for 24 h with 40 mL of distilled water at room temperature. The 
suspension was then centrifuged at 4000g for 10 min and filtered with a 0.45 μm 
syringe filter. The extract was collected to determine P, Ca, Mg, K and Na contents 
using ICP-OES. 
5.3.4.2. Standard measurement and testing protocol  
The SMT protocol (García-Albacete et al., 2012; Pardo et al., 2003) involves 
extracting P from PL and its HC and quantifying the P species on the basis of 
varying solubility which depends on the chemical form of the P (Dai et al., 2016; 
Medeiros et al., 2005). As seen in Fg.5.1, the protocol, which includes three separate 
extraction procedures, was originally designed to obtain five P fractions, using HCl 
and NaOH as extractants. The first procedure was used for the total P fraction (TP) 
determined as an overall indicator, the second procedure was used for the inorganic 
P fraction (IP), which is mainly labile P (weakly bound to the sample matrix), and 
the organic P fraction (OP) while the third procedure was used for the apatite P 
fraction (AP), which is a stable form of P and assumed to be associated with Ca, and 
finally the non-apatite inorganic P fraction (NAIP), which is a moderately labile P 
and assumed to be associated with oxides and hydroxides of Al, Fe, and Mn, 
respectively (Pardo et al., 2003). As shown in Fig.5.1, to obtain the TP fraction, ~ 
0.20 g (db) of each sample was calcined at 450°C for 3 h, after which the ash was 
stirred for 16 h with 20 mL of 3.5 M HCl, and the mixture was subsequently 
centrifuged at 2000g for 15 min and the TP was determined in the extract.  
In order to obtain the IP and OP fractions, ~ 0.20 g (db) of each sample was 
stirred for 16 h with 20 mL of 1.0 M HCl and then centrifuged at 2000g for 15 min. 
The supernatant was filtered and the extract was collected to determine the IP 
fraction while the residue was used to determine the OP fraction after washing twice 
with 12 mL of deionized water, stirring and centrifuging at 2000g for 15 min. The 
dried residue was transferred to a crucible for calcining at 450°C for 3 h, the cooled 
ash was stirred for 16 h with 20 mL of 1.0 M HCl and then centrifuged at 2000g for 








Fig.5.1, Schematic diagram of the standards measurements and testing protocol. 
In order to obtain AP and NAIP fractions, each sample ~ 0.20 g (db) was mixed with 
20 mL of 1.0 M NaOH, stirred for 16 h, and then centrifuged at 2000g for 15 min, 
the extract was used to determine the NAIP fraction while the residue was used to 
determine the AP fraction. 10 mL of extract was mixed with 4 mL of 3.5 M HCl and 
stirred for 20 second before being allowed to stand for 16 h, after centrifugation the 
supernatant was collected to determine the NAIP fraction. The residue was washed 
twice with 1.0 M NaCl, after which 20 mL of 1.0 M HCl was added, and the mixture 
was stirred for 16 h, and then centrifuged at 2000g for 15 min, and the extract was 
collected to determine AP fraction.  
To identify and quantify the P species and all the measured elements (Ca, K, 
Mg, Na, Mn, Fe, Al, Zn, Cu, Cr and Pb), each sample was analysed independently in 
triplicate using ICP-OES.           
5.3.4.3. Conventional acid hydrolysis procedure 
With the aim of checking the effectiveness of the SMT protocol for PL and its 





samples. The acid hydrolysis procedure used could be considered a modification of 
the CEN/TS 15290:2006 method. The HNO3-H2O2 digestion method was used to 
treat PL and HC samples prior to total nutrient content analysis. The sample 
dissolution was carried out by mixing ~50 mg of homogenised ash sample, which 
was prepared according to the CEN/TS 14775:2004 method, with 2,0 ml H2O2  (30 
%) and 3,0 ml HNO3 (65 %) in a PTFE vessel. The vessel was closed and heated at 
3.33 °C/min and held for 1 h at 220 °C. After cooling, the vessel contents were 
quantitatively transferred into a 50 mL volumetric flask and diluted to volume with 
distilled water and, finally, it was filtered through a 0.45 μm syringe filter and stored 
at 4 °C in stoppered polyethylene tubes until it was analysed. After digestion, the 
total (K, Ca, P, Mg and Na) contents of PL and HC were determined using ICP-OES. 
Moreover, a comparison between the results supplied by both SMT protocol and AH 
method was established for all samples analysed in this work. 
5.4. Results and Discussion 
The proximate and ultimate analyses of the PL and its HC have previously been 
investigated by Ghanim et al. (2017, 2016) who reported that the process conditions 
of HTC treatment had a significant effect on hydrochar yields and chemical 
properties. They found that the ash contents observed in all the HCs varied 
significantly with treatment temperature, residence time and initial pH. However, 
considering the ash yields of all HC samples, it was clearly seen that some inorganic 
species were dissolved during the HTC treatment (Ghanim et al., 2017, 2016). 
Therefore, to clarify the potential correlation between the HTC process conditions 
and nutrient partitioning behaviour, particularly for P species, the most important 
operational HTC processing variables, including treatment temperature, residence 
time and initial pH, and their influence on the nutrient contents and fractionation of 
HC were further investigated. The results which include the concentration of metal 
cations that are closely related to P stabilisation and distribution in PL and its HCs 
are reported.  
5.4.1. PL nutrients characterisation 
The results obtained in this study showed that the PL is rich in mineral components 
particularly agricultural nutrients. However, the higher nutrient content may not 
represent greater availability since its solubility is dependent on its chemistry (Huang 





(WSN) could be an efficient indicator of the potential for nutrient loss from PL (Dai 
et al., 2015). From results listed in Table 5.1, the TP in PL was 14.6 mg/g, which 
was similar to that reported by Wang et al. (2015) and Heilmann et al. (2014). 
The distribution obtained for the P fractions indicates that the amount of 
water soluble phosphorus (WSP) in the PL sample was 7.9 mg/g which was almost 
identical to that of IP, considering that around 50 % of TP in PL is in soluble form. 
However, the AP and NAIP were both 3.3 mg/g which accounted for 22.6 % of the 
TP. These results were within the range of those reported by (Zhongqi et al., 2016). 
Although PL is considered to be rich in organic matter (Ghanim et al., 2017, 2016; 
Huang et al., 2017), the OP gave the lowest value 0.90 mg/g compared with the other 
fractions, accounting for only 6.2% of the TP. This means that the OP fraction is not 
correlated with the organic matter content of the matrix sample. Medeiros et al. 
(2005) made a similar observation, however, Dai et al. (2016) and Tiecher et al. 
(2014) found the P content in PL is dominated by OP fraction. The results obtained 
by García-Albacete et al. (2012) and Pardo et al. (2003) for different forms of 
biowaste using the SMT protocol did show a correlation between OP and organic 
content. This difference might be due to the difference between chemical forms of 
OP which also have different levels of mobility (Dai et al., 2016).        
The common P minerals in biomass are Ca, K and Mg phosphates, and the P 
can also be adsorbed by Fe, Al and Mn oxides (Huang et al., 2017; Qian and Jiang, 
2014). The results listed in Table A.3.5 showed that the molar ratio of Ca/P and K/P 
are > 1 whereas the Mg/P is < 1 in PL, indicating that there was more Ca and K than 
P but there was insufficient Mg to produce precipitates. The higher molar ratio of 
Ca/P was similar to that found by Ekpo et al. (2016b). Therefore, depending on 
whether those elements are present in stable forms might be a key factor for 
controlling the solubility of P in PL (Heilmann et al., 2014; Uchimiya et al., 2015; 
Wilfert et al., 2015). However, the results (A.3) show that Mn, Al, Cu, Zn and Fe 
elements exist in minor amounts, suggesting that their role in P mobility is less 
relevant than that of K, Ca and Mg. The results indicate that the K, Ca and Mg with 
total contents of 38.6, 27.0 and 8.1 mg/g, respectively, are the dominant cations in 
PL which was confirmed by SEM/EDS (Fig.A.5.1), however, coating the samples 
with Au prior to imaging led to interference with the P peak (Cooperband and Good, 
2002). The rank of the concentration of all measured elements in decreasing order 





was obtained by Lynch et al. (2013), and Wang et al. (2015) who found that the PL 
is rich in nutrients, however, other authors (Ekpo et al., 2016b; Huang et al., 2017) 
found the Ca content was much higher than that of K. They attributed that to the 
addition of these metals to improve the poultry feed.  
 
Table 5.1, Phosphorous fractions in PL and HC 
 
 
The results given in Table A.3.1, show that the K was found predominantly in the IP 
(26.6 mg/g) and NAIP fraction (18.3 mg/g) fractions which were significantly higher 
than that measured in AP fraction (0.4 mg/g); on the other hand, the highest 
concentration of the other metals (Ca, Mg, Fe and Mn) was measured in the AP 
ID 
 
MST   mg/g ±SD WSP mg/g 
±SD TP IP OP AP NAIP 
PL 14.6 ±0.5 8.5 ±0.4 0.89 ±0.01 3.3 ±0.2 3.30 ±0.10 7.85 ±0.04 
5-200 15.8 ±0.1 14.7 ±0.0 0.10 ±0.01 8.3 ±0.1 2.91 ±0.06 7.17 ±0.01 
5-225 28.2 ±0.1 26.8 ±0.3 0.15 ±0.00 17.0 ±0.1 3.18 ±0.04 2.64 ±0.01 
5-250 37.3 ±0.4 36.7 ±1.1 0.19 ±0.01 25.0 ±0.2 4.26 ±0.00 1.59 ±0.03 
30-150 10.9±0.1 7.8 ±1.4 0.25 ±0.02 5.1 ±0.2 2.10 ±0.04 4.48 ±0.02 
30-175 15.0 ±0.2 9.7 ±0.0 0.10 ±0.01 8.1 ±0.3 1.81 ±0.02 6.59 ±0.03 
30-200 20.7 ±0.3 17.1 ±0.5 0.13 ±0.01 7.4 ±1.1 0.91 ±0.01 1.47 ±0.05 
30-225 39.4 ±0.8 35.5 ±0. 9 0.25 ±0.04 14.1 ±0.3 4.76 ±0.05 1.67 ±0.00 
30-250 56.4 ±0.1 45.2 ±1.5 0.25 ±0.04 21.1 ±1.1 6.17 ±0.07 1.08 ±0.01 
30-275 69.2 ±0.5 59.0 ±0.5 0.39 ±0.06 29.0 ±2.1 7.39 ±0.77 1.99 ±0.04 
30-300 62.4 ±0.1 49.1 ±0.7 0.44 ±0.05 24.8 ±0.3 3.36 ±0.12 0.55 ±0.01 
120-150 20.7 ±0.2 16.3 ±0.3 0.20 ±0.01 3.1 ±0.1 5.18 ±0.17 7.80 ±0.03 
120-175 19.8 ±0.1 15.0 ±0.0 0.25 ±0.01 6.3 ±0.3 1.63 ±0.16 3.39 ±0.01 
120-200 31.4 ±0.1 24.4 ±0.3 0.33 ±0.02 9.5 ±0.7 1.79 ±0.01 1.53 ±0.00 
120-225 51.1 ±0.2 41.6 ±0.4 0.16 ±0.03 13.3 ±0.9 5.99 ±0.21 1.57 ±0.03 
120-250 48.3 ±0.9 43.5 ±0.5 0.15 ±0.02 21.6 ±4.4 3.87 ±0.02 0.68 ±0.00 
120-275 51.7 ±0.2 45.3 ±0.2 0.71 ±0.04 20.9 ±5.7 2.57 ±0.14 0.36 ±0.01 
120-300 57.5 ±0.4 53.4 ±0.4 0.61 ±0.00 41. 5 ±0.3 2.83 ±0.06 0.51 ±0.00 
480-150 17.3 ±0.1 16.5 ±0.2 0.12 ±0.00 9.0 ±0.4 3.04 ±0.02 6.59 ±0.00 
480-175 17.4 ±0.3 16.0 ±0.0 0.16 ±0.04 11.7 ±0.1 0.83 ±0.01 1.40 ±0.02 
480-200 35.5 ±0.3 33.1 ±0.7 0.15 ±0.04 24.6 ±0.6 3.79 ±0.07 1.31 ±0.01 
480-225 48.8 ±0.2 46.2 ±0.4 0.24 ±0.03 30.7 ±0.9 5.90 ±0.11 1.56 ±0.00 
480-250 50.3 ±0.4 47.8 ±0.7 1.19 ±0.02 30.3 ±0.2 0.97 ±0.06 0.12 ±0.00 
480-275 54.3 ±0.1 47.8 ±0.2 1.63 ±0.05 44.4 ±0.1 1.78 ±0.05 0.44 ±0.00 
480-300 62.4 ±0.3 57.8 ±0.1 0.39 ±0.05 54.9±0.1 1.43 ±0.04 0.41 ±0.00 
AA-9 62.1 ±0.8 57.9 ±1.6 0.12 ±0.01 40.8 ±1.4 6.51 ±0.08 1.67 ±0.01 
AA-7 60.8 ±0.4 56.1 ±0.1 1.01 ±0.21 41.6 ±0.4 7.15 ±0.09 2.54 ±0.11 
AA-4 47.1 ±0.1 45.1 ±0.5 0.60 ±0.14 36.3 ±0.2 3.25 ±0.02 1.59 ±0.00 
SA-7 66. 5 ±0.4 61.5 ±0.3 1.29 ±0.05 45.4 ±0.4 6.25 ±0.13 2.02 ±0.01 
SA-4 46.9 ±0.8 45.0 ±1.1 1.28 ±0.52 36.5 ±0.9 1.13 ±0.13 0.71 ±0.00 





fraction. These observations indicate that the K phosphates have a higher solubility 
than those of the other elements measured which were consistent with the WSN 
results. As shown in Table 5.2, the water soluble K (31.0 mg/g) was much higher 
than either the water soluble Ca or Mg, which were approximately 1.0 and 3.0 mg/g, 
respectively. Comparing, the current values of P and Ca in PL were similar to those 
previously reported by Heilmann et al. (2014), however, the concentrations of the 
other elements were different. These differences are mainly due to the complex 
nature and heterogeneity of PL and also could be due to the different methods used 
for evaluation. 
5.4.2. Effect of treatment conditions on nutrient mobility  
It is well studied that the main component of PL is organic matter which 
mostly degrades under HTC conditions (Kambo and Dutta, 2015; Wikberg et al., 
2015). (Ghanim et al., 2017, 2016) found that a considerable amount of the cellulose 
and hemi-cellulose contained in PL was easily hydrolysed under the experimental 
conditions examined, leading to an increase in the ash content of HCs (conservative 
elements were enriched in the HC produced). The authors also reported a significant 
decrease in ash recovery, suggesting that a considerable amount of the inorganic 
material was removed. In order to clarify the correlation between the treatment 
conisations and nutrients species, the impact of the examined process conditions on 
different categories of P species and other nutrients were studied and reported. 
Furthermore, SEM/EDS analyses were carried out to verify the results and further 
investigate the HC composition and elemental distributions, the results confirmed the 
effects of process conditions. 
5.4.2.1. Effect of treatment temperature  
The fate of the mineral components during HTC processing is strongly 
related to their chemistry and their co-ordination or complexation with other 
elements (Pardo et al., 2003; Uchimiya et al., 2015). The current results show that 
the total nutrient and WSN contents were significantly affected by treatment 
temperature. As shown in Figs.5.2 & 5.3, the TP in all HCs samples increasing with 
treatment temperature, however, the WSP decreased. In results listed in Table 5.1, it 
was found that the TP, which ranged from 10.9 to 69.2 mg/g, progressively increased 
with treatment temperature as the organic content decreased (X. Chen et al., 2017) 





al., 2014; Wang et al., 2015). A significant change in the TP and WSP contents was 
observed at treatment temperatures ≥ 200°C irrespective of residence time. These 
results confirm the formation of stable P species and/or less accessible forms that 
become entrapped on growing HCs during HTC treatment. 
 
 
Fig.5.2, Effect of treatment temperature on phosphorus fractions. 
 
These observations were consistent with those of X. Chen et al. (2017) and Silva et 
al. (2017) who produced HC from HTC of watermelon peel waste at 190 °C or 260 
°C for 1, 6, or 12 h, and from HTC of vinasse and sugarcane bagasse mixtures under 
various conditions, respectively. They both reported that the P content retained in the 
HC increased sharply with an increase in treatment temperature. Similar effects were 
observed by Ekpo et al. (2016b) for HC obtained from HTC of PL at 250°C for 1h, 
where they concluded that the presence of multivalent metal ions (e.g., Al, Ca, Mg, 
Fe) could be responsible for the formation of insoluble P. P immobilization was also 
observed in HC produced from HTC of manures and was attributed to the formation 
of insoluble phosphates during HTC of PL due to the presence of metal cations (Dai 
et al., 2015; Heilmann et al., 2014; Qian and Jiang, 2014).  
As can be observed from the results listed in Table 5.1 and illustrated in 





the AP and OP increased with treatment temperature, ranging 7.8 - 59.0, 3.1 - 54.9 
and 0.1 - 1.6 mg/g, accounting for between 71.1 - 85.3, 14.9 - 88.0 and 0.7 - 3.0 % of 
TP, respectively. However, the NAIP fluctuated between 0.8 - 7.4 mg/g. These 
changes suggest that the HTC treatment can immobilise P in the HC as a more stable 
form such as P-apatite. Similar effects were observed by Dai et al. (2015) and were 
attributed to the formation Ca precipitates. 
The results show that the concentration of most of measured metals in the HC 
increased significantly with treatment temperature, however, the WSN fraction 
decreased, producing a HC enriched in those elements. Dai et al. (2015) and Qian 
and Jiang (2014) reported the same observations for the HTC of cow manure and 
activated sludge respectively. The current observations confirm that a significant 
quantity of nutrients converted into an insoluble form, suggesting that the treatment 
temperature is important when considering using HC as a soil amendment. There is 
more than one factor which may be contributing to the observed changes such as the 
decrease in organic matter with treatment temperature as reported previously by 
Ghanim et al. (2016), and/or the formation of insoluble compounds with anions such 
as phosphate and carbonate during HTC treatment (Dai et al., 2015; Ekpo et al., 
2016b). However, Silva et al. (2017) postulated that adsorption of the elements onto 
the HC is favoured by increasing the temperature.  
As shown in Fig.5.3, the measured elements showed different concentrations 
in the HCs with total contents of Ca and Mg, ranging from 33.5 to 117.8 and from 
5.7 to 35.1 mg/g, respectively. The same low concentration trend was also observed 
for Fe, Mn, Zn, Al and Cu (A.3), ranging between 3.7 - 0.1 mg/g. Ekpo et al. (2016b) 
made a similar observation and reported that most of the Ca Mg, P, Fe and Al were 
concentrated in the HC. Silva et al. (2017) observed an increase in Ca, Mg, Fe, Mn 
and Zn concentration with treatment temperature with no noticeable change in Al 
and Cu concentrations. From current results, the K content on the other hand 
decreased significantly with treatment temperature in all fractions. The HCs 
produced at relatively low treatment temperature for short residence time retained 
some of K; this could be due to saturation of the aqueous phase (Ekpo et al., 2016b). 
In the HCs produced at higher treatment temperature, the K content had been 







Fig.5.3, Effect of treatment temperature on nutrient accumulation in HC. 
 
A similar observation was reported by Tu et al. (2016) for HC produced from HTC 
of PL at 120 and 200°C for 30 and 120 min, as well as by X. Chen et al. (2017) and 
Sun et al. (2013) who reported a reduction in K concentration with treatment 





As seen from results listed in Table A.3.5, the HC produced had ratio molar of Ca/P 
> 1, on the other hand, the P exhibited a high molar ratio compared with K and Mg. 
As reported by (Rahman et al., 2014), many factors such as chemical composition 
(molar ratio of Ca/P, Mg/P and Mg/Ca), pH and temperature can influence the 
quantity and type precipitation. The possible precipitates containing P, Mg and Ca 
that can be recovered under the conditions examined include struvite-Mg, Mg 
phosphate, Ca phosphate, Ca carbonate and apatite (Rahman et al., 2014). Taking 
into account the Mg/P (< 1), Mg/Ca (≤ 0.5), the presence of Ca which might 
preferentially react with P, and the pH of the HCs produced (≤ 6) (Ghanim et al., 
2016), struvite-Mg was not considered to easily precipitate but Mg phosphate could 
be formed, however, Ca can precipitate as apatite and its excess as carbonate (Pastor 
et al., 2010). These observations confirm that the K did not correlate with P 
immobilisation and it may explain the changes in P, Mg and Ca contents. The results 
corroborate the hypothesis that the solubility of inorganics depend on their chemistry 
and on the presence of multivalent metal cations (Dai et al., 2016; Heilmann et al., 
2014).  
Based on these results, it can be concluded that the nutrient content is 
influenced significantly by the treatment temperature, enriching the HC in nutrients 
except for K, however, the WSN contents were low compared with the PL. This 
could be attributed to a combination of degradation of organic matter and formation 
of insoluble inorganic compounds.  
5.4.2.2. Effect of residence time  
From results listed in Tables 5.1 & 5.2, an identifiable trend can be found for 
the change in the total nutrients and WSN over the range of residence times 
examined and in particular a direct correlation can be seen for P fractions.  
The TP, AP and IP increased with increasing residence time, however, the 
WSP content decreased. At a treatment temperature ≤ 250°C, increasing the 
residence time from 5 to 480 min resulted in a significant increase in the TP, IP and 
AP. However, at higher treatment temperature (275, 300°C), the residence time had 
less influence on the amounts of these fractions. From results listed in Table 5.1, 
when the residence time was extended from 5 to 480 min at treatment temperatures 
of 200, 225 and 250°C, the TP recorded a sharp increase from 15.8 to 35.5, from 





increased. However, the WSP decreased significantly with residence time, for 
example at 200°C, the WSP decreased from 7.2 to 1.3 mg/g when the residence time 
extended from 5 to 480 min. These changes could be either due to greater 
decomposition of the hemicellulose content as reported by Ghanim et al. (2016) or 
through the formation and accumulation of insoluble forms during the HTC 
treatment.  
The residence time played important role in the total and water soluble 
contents of other measured nutrients, the WSN decreased while the total nutrient 
contents increased except for K, where the total decreased. The total Ca content 
increased with the residence time at all treatment temperatures examined, and a 
significant change in Mg and K contents was observed particularly at 200, 225 and 
250°C. A similar observation for K was made by X. Chen et al. (2017) and Tu et al. 
(2016), who concluded that the longer the residence time, the lower the K content 
retained in the HC produced. At a treatment temperature range between 175 - 250°C, 
extend the residence time led to a significant decrease in WSN content except for the 
water soluble Ca content which showed no obvious trend. However, a minor effect 
was observed at treatment temperatures of 150, 275 and 300°C. The current results 
suggest that the residence time had strong effect on the partitioning of the nutrients 
although its effect was minor at high treatment temperature; this might be due to fact 
that precipitation occurred quite quickly at high treatment temperature. 
 
5.4.2.3. Effect of initial pH  
The impact of initial pH on the ash content of the HC produced through the 
HTC process has been observed and attributed to acid solvation (Bach and 
Skreiberg, 2016; Kambo and Dutta, 2015; Reza et al., 2015). Ghanim et al. (2017) 
reported that the ash content of PL HC is significantly affected by the initial pH with 
up to 40% of inorganic matter being removed. They also found that the type of 
additive acid played the dominant role. The current results (Tables 5.1 & 5.2) 
demonstrated that the initial pH had a significant effect on the contents and 
chemistry of all the elements measured in the HC samples.  
It is evident from Fig.5.4 that the nutrients content of the HCs correlate with 
the initial pH. From the results presented in Tables 5.1 & 5.2, all measured elements 
content decreased with the acidity, with the exception of K. These observations 





Ziegler, 2010; Kambo and Dutta, 2015; Wilfert et al., 2015); however, the increase 
in K content might be due to the precipitation of struvite-K (Silva et al., 2017). 
 
Table 5.2, Total nutrient contents and water soluble nutrient contents in PL and HC. 
*Measured using SMT protocol; a Measured using aqueous extraction procedure   
 
A sharp decrease for measured nutrients was observed at pH 2 when using H2SO4; 
this could be due to the role of SO4− in decomposition of organic matter and making 
the measured nutrients more accessible to conversion (Gu et al., 2017). Although 
low concentration of CH3COOH (pH 9 and 7) had little influence on the nutrient 
content of the HCs, a decreasing trend was observed at high concentration (pH 4) 
where there was an obvious effects on the accumulation of the measured nutrients. 
This could be due to that the measured elements might have reacted with CH3COOH 
ID 
Total nutrient contents*  mg/g ±SD 
Water soluble nutrient contents a  mg/g  
±SD 
Ca K Mg Ca K Mg 
PL 27.02 ±0.85 38.61 ±1.10 8.06 ±0.31 1.03 ±0.05 30.95 ±0.53 2.94 ±0.15 
5-200 47.96 ±1.19 27.44 ±0.00 7.79 ±0.13 1.27 ±0.02 22.83 ±0.03 3.27 ±0.01 
5-225  50.64 ±0.10 20.27 ±0.03 11.28 ±0.16 0.32 ±0.00 16.32 ±0.07 2.44 ±0.01 
5-250 60.55 ±0.21 8.56 ±0.02 18.22 ±0.15 0.16 ±0.00 7.30 ±0.01 1.40 ±0.01 
30-150 33.51 ±1.50 9.30 ±0.22 6.62 ±0.00 0.83 ±0.01 8.79 ±0.02 2.34 ±0.00 
30-175 45.01 ±2.31 15.87 ±0.27 8.69 ±0.02 0.76 ±0.01 15.24 ±0.04 3.81 ±0.01 
30-200 79.98 ±0.76 0.22 ±0.07 6.01 ±0.01 1.11 ±0.00 0.14 ±0.00 0.86 ±0.02 
30-225 78.48 ±1.17 0.57 ±0.01 14.75 ±0.09 0.33 ±0.01 0.34 ±0.00 1.75 ±0.01 
30-250 99.34 ±0.56 1.96 ±0.01 28.26 ±0.06 0.20 ±0.01 0.62 ±0.01 1.32 ±0.01 
30-275 116.45 ±5.46 0.91 ±0.03 35.14 ±0.52 0.06 ±0.00 0.36 ±0.01 2.50 ±0.05 
30-300 117.75 ±1.14 1.76 ±0.01 34.24 ±0.11 0.18 ±0.00 0.24 ±0.00 0.56 ±0.00 
120-150 43.59 ±1.01 44.14 ±0.12 12.02 ±0.07 0.87 ±0.01 25.07 ±0.08 3.92 ±0.01 
120-175 74.15 ±1.17 11.87 ±0.09 8.21 ±0.18 1.20 ±0.00 7.04 ±0.02 1.98 ±0.02 
120-200 82.64 ±1.16 1.63 ±0.05 11.05 ±0.11 0.63 ±0.00 0.50 ±0.01 1.41 ±0.02 
120-225 98.60 ±0.58 1.74 ±0.01 23.31 ±0.39 0.15 ±0.00 0.65 ±0.01 1.77 ±0.04 
120-250 87.45 ±0.00 1.47 ±0.00 25.31 ±0.67 0.21 ±0.00 0.35 ±0.00 0.74 ±0.00 
120-275 92.53 ±0.46 1.44 ±0.01 28.03 ±0.14 0.42 ±0.01 0.33 ±0.00 0.58 ±0.01 
120-300 93.23 ±4.17 0.93 ±0.00 29.73 ±0.01 0.13 ±0.00 0.16 ±0.00 0.74 ±0.01 
480-150 45.19 ±0.40 22.53 ±0.08 9.67 ±0.08 0.67 ±0.01 16.62 ±0.04 3.43 ±0.00 
480-175 62.98 ±0.43 1.28 ±0.00 5.68 ±0.03 0.94 ±0.02 0.69 ±0.01 0.82 ±0.01 
480-200 64.52 ±2.47 0.46 ±0.05 14.61 ±0.08 0.28 ±0.03 0.22 ±0.00 1.70 ±0.00 
480-225 88.89 ±1.33 0.61 ±0.01 23.59 ±0.01 0.04 ±0.00 0.25 ±0.00 1.89 ±0.01 
480-250 89.31 ±0.22 1.21 ±0.04 19.73 ±0.15 0.70 ±0.00 0.13 ±0.00 0.11 ±0.00 
480-275 96.26 ±0.19 1.00 ±0.03 28.75 ±0.22 0.22 ±0.00 0.21 ±0.00 0.64 ±0.00 
480-300 117.51 ±2.41 0.89 ±0.01 33.75 ±0.85 0.15 ±0.00 0.13 ±0.00 0.63 ±0.00 
AA-9 122.24 ±1.43 4.57 ±0.05 29.32 ±0.32 0.16 ±0.00 0.65 ±0.00 2.15 ±0.01 
AA-7 105.50 ±2.26 1.22 ±0.02 29.00 ±0.32 0.03 ±0.00 2.92 ±0.02 2.51 ±0.05 
AA-4 94.25 ±0.27 5.16 ±0.02 13.80 ±0.01 1.02 ±0.01 3.57 ±0.01 1.37 ±0.00 
SA-7 105.11 ±0.08 6.30 ±0.02 31.72 ±0.13 0.06 ±0.00 4.26 ±0.01 2.31 ±0.00 
SA-4 86.53 ±2.91 7.27 ±0.26 22.42 ±0.51 7.28 ±0.05 4.24 ±0.00 0.74 ±0.01 





to form complexes which prevented their precipitation (Song et al., 2014). Similar 
trend was reported by Wang et al. (2017) for HTC of swaged sludge in the presence 





Fig.5.4, Effect of initial pH on phosphorus fractions and total nutrient contents. 
 
The current results (Table 5.1) show that all the P fractions deceased with 





H2SO4 was used. The TP decreased significantly with acidity using CH3COOH and 
H2SO4 from 62.1 to 47.1 and from 66.5 to 17.4 mg/g, respectively. While the IP, OP, 
AP and NAIP deceased from 61.5 to 15.4, from 1.3 to 0.2, from 45.5 to 13.9 and 
from 6.3 to 0.1 mg/g, respectively. The current observations were in agreement with 
those described by Ekpo et al. (2016a), who reported that 86 - 87 % and 17 % of the 
TP remains in the HC of swine manure using organic acids and H2SO4, respectively.  
Significant decreases were also observed in Ca and Mg contents from 122.2 
to 94.3 and from 29.3 to 13.8 in the presence of CH3COOH while their contents 
decreased from 105.1 to 62.8, from 31.7 to 15.2 and from 1.2 to 0.8 mg/g, 
respectively when H2SO4 was used. 
Regarding the WSN (Table 5.2), the water soluble Ca and K contents 
increased with acidity, however no specific trend was discernible for the other 
elements. The addition of H2SO4 generated a HC with high water soluble Ca and K 
contents, with the highest values of 48.2 and 6.3 mg/g observed at pH 2, accounting 
for 76.8% and 73.6 % of total Ca and K contents, respectively. This could be 
attributed to several factor (i) the high concentration of H2SO4 which enhances the 
dissolution of minerals by producing soluble sulphates from those elements (Huang 
et al., 2017), (ii)  the high lignin content (75.3 %) (Ghanim et al., 2017) in the HCs 
which contribute to the formation of pores that can trap inorganics (Ekpo et al., 
2016a; Ghanim et al., 2017). 
From these observations, it can be concluded that the initial pH had a 
significant impact on the mineral elements, although the effect depends on the 
additive type and the nature of each nutrient. H2SO4 had a greater effect than 
CH3COOH which could be because it is a stronger oxidising agent for organic 
materials, leading to the release of elements followed by leaching (Ekpo et al., 
2016a).  
5.4.3. Validation of the MST protocol 
The AH was carried out to test the accuracy of the total nutrients (P, Ca, K, and 
Mg) contents measured using SMT protocol. The results obtained using different 
procedures (MST, AH) show a similar trend for the total content of nutrients 
measured in PL and its HCs. Despite the results obtained by MST being mostly 
higher than those measured by AH, the results were comparable, and validating the 





Tables 5.1 & 5.2, the results of WSN show reasonable consistency with MST data 
for Ca, P, K and Mg. The measured results showed a leak in results of K (Tables 5.2 
& A.3.1) and Fe (Tables A.3.2), however, it indicates that the SMT protocol 
provides correct information regarding total nutrient content and it is a good 
approach for P fractionation in PL and its HC. 
5.5. Conclusion 
The results indicate that the HTC treatment process has a significant impact on 
the speciation and immobilization of P and other nutrients in HC produced from PL. 
Nutrient immobilization is temperature and pH dependent whereas the residence 
time was found to be a more important factor at lower treatment temperature. Acidic 
conditions favour higher nutrient extraction particularly with a mineral acid (H2SO4) 
and present an opportunity for nutrient recovery. Producing HC from HTC of PL 
changes the forms of nutrients significantly, providing a slow-release fertilizer which 
can be advantageous in environmentally sensitive landscapes where eutrophication is 
problematic. The results confirmed that the SMT protocol could be considered a 
good approach to provide correct information about species of nutrient in PL and its 
HC. 
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Chapter 6: H2SO4 modification of poultry litter-derived hydrochar 
for enhanced hexavalent chromium and methylene blue removal 
from aqueous solution 
The content of this chapter was submitted to the Elsevier journal ‘Chemical 
Engineering’ for publication. The goal of this chapter is to determine the effect of 
H2SO4 modification of hydrochar on the adsorption of enhanced hexavalent 
chromium and methylene blue removal from aqueous solution. 
Ghanim, B.M., Kwapinski, W., Leahy, J.J., ‘H2SO4 modification of poultry litter-
derived hydrochar for enhanced hexavalent chromium and methylene blue removal 
from aqueous solution’. 
6.1. Abstract 
In this work, hydrochar (HC) and hydrochar modified with H2SO4 were prepared 
by hydrothermal carbonation (HTC) of poultry litter (PL) and were tested as 
adsorbents for hexavalent chromium (Cr(VI)) and methylene blue (MB) removal 
from water. The Cr(VI) and MB adsorption conditions were optimized and it was 
found that the solution pH was the dominant factor. Under optimal conditions, the 
HCs used exhibited high adsorption efficiency and capacity towards MB (~100%) 
while for Cr(VI) removal, the acid modified HC was more efficient with a removal 
efficiency of 76.7%. This indicated that the presence of H2SO4 during HTC of PL 
can enhance the adsorption properties of the HC for Cr(VI) removal. Adsorption 
kinetics and isotherm studies revealed that the Cr(VI) and MB adsorption was well 
described by the pseudo-second-order kinetic model and Freundlich isotherm model, 
respectively. The results indicated that these HCs could be used as low cost 
adsorbents in wastewater treatment and they could be reused at least four times 
without losing adsorption efficiency.  
6.2. Introduction 
Pollution can be defined as the introduction of undesirable substances to the 
environment, and has increased rapidly as a consequence of social and economic 
development, resulting in serious environmental issues (Xiong et al., 2018). The 
largest source of pollutants is from industrial processes which emit organic and 
inorganic material into air, soil, and water. Contamination of natural water resources 





their impacts on the environment, causing serious problems worldwide with a 
cumulative and harmful effect on human health. 
Some heavy metals enter the environment from natural sources; however, 
industries release the largest amount. Heavy metals such as Cr, Cd, Hg, As, Pb etc. 
are harmful to human health (Rosales et al., 2017; Xiong et al., 2018), with their 
toxicity to living organisms dependent on their biodegradability and bioavailability 
(Ahmad et al., 2014). Chromium (Cr) is a natural element found in soil, animals and 
plants; however, it is regarded as a pollutant when it is present at concentrations 
which exceed the allowable limit. Cr, in its most stable form, Cr(III) is nontoxic and 
an essential element in human nutrition (Lyu et al., 2017; Zhou et al., 2016); 
however, Cr(VI) is amongst the most toxic heavy metal to humans and due to its 
wide exploitation can be found in high concentrations in wastewater from industries 
(Lyu et al., 2017; Rosales et al., 2017). The mobility and the toxicity of Cr(VI) 
depend on its speciation which, depends on the pH (Zhang et al., 2017). 
Synthetic dyes are widely used in the pharmaceutical, food, paint, textile, 
paper and printing industries, and are considered a major source of water pollution 
because most of the dyes have toxic effects on aquatic life and human health (Xu et 
al., 2015). Therefore, release of dyes into natural water sources is a significant 
environmental concern. Methylene blue (MB) is one of these dyes which is widely 
used in industry and poses potential risk to aquatic life and other life-forms (Salimi 
et al., 2017).  
As a result, water treatment and soil remediation have been widely studied 
and various methods for the removal of toxic material (inorganics and organics) have 
been proposed (Liu et al., 2017; Lyu et al., 2017); adsorption is a promising process 
that has several advantages such as operational simplicity, high removal efficiency 
and economic viability (Banerjee et al., 2017). Therefore, selection of adsorbents 
with high removal and economic efficiency has received significant attention. 
Using waste materials or their derivatives as adsorbents can solve two 
environmental problems in a single approach, helping in the management of waste 
and in environmental remediation. Therefore, biomass/biowaste residues have been 
used for a long time as adsorbents for inorganic and organic contaminants removal 
from water, and have demonstrated good results (Qambrani et al., 2017). In order to 
improve biomass/biowaste adsorption capacity many methods, including chemical 





with high removal efficiency. Among the thermochemical methods used for 
stabilising biowaste, hydrothermal carbonisation (HTC) is a method where 
biomass/biowaste is mixed in water and the slurry is heated to treatment 
temperatures between 180 and 260 °C for residence times from a few minutes to 
several hours under self-generated pressure (Ghanim et al., 2017). HTC has gained 
considerable interest as an effective thermal treatment to convert cheaper material 
into valuable products such as hydrochar (HC). HC has several potential applications 
and can be directly used as a fuel, soil amendment or as an adsorbent for 
environmental remediation. The chemical and physical properties of the HC as well 
as its adsorption characteristics differ significantly from that of the starting material 
(Fang et al., 2017; Ronix et al., 2017). The use of HC as an adsorbent for the 
remediation of soil and water contaminated with organic and inorganic contaminants 
has been attracting much interest in recent years due to its low cost, abundant 
availability and easy preparation (Han et al., 2017; Shi et al., 2018). The efficient 
removal of contaminants depends on both the properties of the HC as well as the 
pollutants. The adsorption capacity of the adsorbent largely depends on its 
morphology, and surface chemistry which are affected by the treatment conditions 
(Fang et al., 2017; Han et al., 2016). Therefore, the selection of the optimum HCs 
produced at different treatment conditions is critical.  
Although HC is characterised with small pore size and limited surface area 
(Ghanim et al., 2017; Reza et al., 2015), it has various surface functional groups such 
as hydroxyl, carboxyl, amide, etc, which can play a role in contaminants removal 
(Fang et al., 2017). Thus, enhancement in the adsorption properties of HC can be 
achieved through modifying its surface functionality using various modification 
methods including chemical modification, activation, impregnation, etc. Chemical 
modification mothed can provide the desired adsorption characteristics by 
impregnating and/or exposing more active sites. Acidic modification is applied using 
different oxidants, leading to more acidic functional groups onthe adsorbent surface 
and remove mineral elements. H2SO4 treatment of biochar has been reported in the 
literature to increase its acidity, improving its catalytic activity (Severini et al., 2017) 
and to increase its capacity for contaminants removal (Qian and Chen, 2014; 
Vithanage et al., 2015). The increase surface functional groups and lower ash content 
of HC means that it may be a more suitable adsorbent for contaminant removal. 





HC in acid solution (Fang et al., 2017), however, in this work H2SO4 was used 
during HC preparation process.  
Poultry litter (PL) is a widely available agri-biowaste material which consists 
of faeces, dropped feed, feathers and may contain bedding material and other 
farming waste. PL is commonly used as an agricultural fertilizer in fields to improve 
soil fertility but some research has been conducted on HTC of PL to produce HCs 
for use as a biofuel and/or fertilizer (Ghanim et al., 2016). Although some other have 
produced and tested HC and biochar from PL as an adsorbent without modification 
(Han et al., 2017; Qi et al., 2017). Additionally there are a few studies have shown 
that the H2SO4 activation enhances adsorption properties of biochar produced from 
different feedstocks for pollutants removal (Vithanage et al., 2015), but to the best of 
author’s knowledge, there is no literature reporting the application of HC prepared 
from HTC of PL as an adsorbent for Cr(VI) and MB removal.  
PL was used to produce HC and H2SO4 modified HC at 250 ºC for 2 h with the 
purpose of removing inorganic and organic contaminants, Cr(VI) and MB were 
chosen as model compounds for removing heavy metals and organic coloured 
contaminants from aqueous solution, respectively.  
This study aimed to assess the ability of the HC and H2SO4 modified HC 
prepared from PL for Cr(VI) and MB removal from aqueous solutions and 
specifically to investigate whether pretreatment with H2SO4 had a beneficial effect 
on overall adsorption of these pollutants. The equilibrium and kinetic data for the 
adsorption as a function of initial pH, contact time, initial adsorbate (MB and 
Cr(VI)) concentration, adsorbent dosage, temperature and ionic strength were 
studied to understand the Cr(VI) and MB adsorption process.  
6.3. Materials and methods 
6.3.1. Material 
PL samples with straw as the bed material was collected from a farm located 
near Limerick, Ireland. The collected samples were transferred to the laboratory and 
prepared according to BS EN 14780:2011; they were kept in sealed polyethylene 
bags and stored in the freezer until required. The stored samples used for the 
experiments were on an as received basis (ar). Sulfuric acid (H2SO4) 95.0 - 97.0%, 





Hydrochloric acid (HCl) 37% and Sodium hydroxide (NaOH) were purchased from 
Sigma–Aldrich.  
6.3.2. Adsorbent preparation 
The HCs used were produced following a typical HTC process. Briefly, the 
experiments were carried out using an 8.0 litre Parr stirred pressure reactor fitted 
with a removable glass liner. An electric heater was used to supply the heat to 
maintain the temperature of the reactor. The heating and cooling rates were the same 
for each experiment as the same reactor was used for all experiments. The PL (ar) 
(202.0 ±1.3 g) with a moisture content of 37.26 ±0.51 % was loaded into the glass 
liner with one litre of distilled water. The suspension was thoroughly mixed for 30 
min and then the pH was measured as 9.3 ±0.2. One of the HCs used was prepared 
with no acid added while for the acid modified HC the feedstock slurry was adjusted 
to pH 2 using concentrated H2SO4. The glass liner containing the suspension was 
placed into the stainless steel reactor, sealed and purged with N2, and the stirring 
started. The reactor was then heated to 250 ºC using a PID controller; the reactor 
pressure was not controlled but was monitored during the experiments. When the 
desired temperature was reached inside the reactor, the 2 h residence time was 
initiated. After the target residence time was achieved, the heating was turned off 
and the reactor was rapidly cooled to room temperature by immersion in a cold water 
bath. The reactor was vented of gases at ambient temperature and the HCs were 
recovered as a solid residue by vacuum filtration, followed by drying at 105 ºC 
overnight. Each experiment was carried out in duplicate and the HC samples were 
powdered to < 0.75 mm, homogenised before using as an adsorbent. The HC sample 
prepared without adding H2SO4 acid was named CE (control experiment) while the 
acid modified HC was named SA-2, where the SA and 2 are sulfuric acid and initial 
pH, respectively. Amore detailed description of the experimental conditions can be 
found elsewhere (Ghanim et al., 2017).  
6.3.3. Adsorbate preparation 
The test solutions of adsorbates (MB and Cr(VI)) (1000 mg/l) were prepared 
by dissolving exact quantities of analytical grade K2Cr2O7 (Aldrich) or MB (Aldrich) 
in deionized water. The stock solutions of MB were freshly prepared and the 
solutions used in the subsequent experiments were obtained from serial dilution of 





6.3.4. Characterization methods 
Characterisation was conducted using suitable standard methods, with all 
measurements performed in triplicate and the mean values with standard deviation 
(SD) were reported. Moisture content was determined by the mass loss of the sample 
at 105 °C according to I.S. EN 14774-3:2009. The pH was measured according to 
ASTM D2976-71. The concentrations of Cr(VI) along with any released Ca and Mg 
were determined using inductively coupled plasma-optical emission spectroscopy 
(ICP-OES), Agilent Technologies 5100 ICP-OES. The absorption of MB solutions 
was determined spectrophotometrically at 665 nm using a spectrophotometer. FTIR 
spectra were obtained using a Cary 630 FT-IR spectrometer in the wave number 
range from 4000 cm-1 to 650 cm-1.  
 
6.4. Experimental  
6.4.1. Point of zero charge measurement  
Because the surface charge of adsorbent can play an important role in the 
adsorption process, the points of zero charge (pHpzc) of the HCs used (CE and SA-2) 
were determined using a 50 mL centrifuge tube containing 30 mL of 0.05 M NaCl. 
The initial pH in each tube was adjusted to between 2 and 10 by adding either 0.1 M 
NaOH or 0.1 M HCl before the introduction of 0.1 g of adsorbent (HC). The 
suspensions were then shaken for 24 h in an orbital shaker (IKA 130 Basic) at 293 
K, and the final pH of the solutions was determined. The difference between the 
initial and final pH values (ΔpH) was plotted against the initial pH. The point of zero 
charge (pHpzc) is the point of intersection of the resulting curve with the abscissa.  
 
6.4.2. Batch adsorption experiments 
The CE and SA-2 HC samples were applied as adsorbents for MB or Cr(VI) 
removal using batch experiments to determine the most suitable adsorption 
conditions. The studies were carried out in 50 mL centrifuge tubes on an orbital 
shaker (IKA 130 Basic) at various pHs (2 - 13) (adjusted using 0.1 M HCl and 0.1 M 
NaOH), contact time (3 min - 96 h), adsorbent dosage (0.5 - 4.0 g L−1), initial 
adsorbate concentration (1 - 500 mg L−1), ionic strength using (0.05, 0.1 and 0.3 M 
NaCl) and temperature (293, 323 and 348 K). After shaking for the selected contact 
time, the pH was measured and the solutions were filtered through a 0.45 µm syringe 





Technologies 5100 ICP-OES while the absorption of MB solutions was measured 
spectrophotometrically (665 nm). The controls consisted of an adsorbate solution 
without HCs and HCs without adsorbate. The removal efficiency (R, %) and 
adsorption capacity (q, mg/g) of Cr(VI) and MB were obtained using Eq. (1) and Eq. 
(2), respectively.  
 
                                                                           (6.1)                            
 





                                                                                                      (6.2) 
 
where Ce and C0 are the equilibrium and the initial adsorbate concentrations (mg L
-
1), respectively. V is the volume of solution (L) and Wt (g) is the weight of 
adsorbent. 
6.4.3. Desorption and regeneration experiments  
In order to determine the reusability of the adsorbents, consecutive adsorption-
desorption cycles were studied. Distilled water adjusted to pH 12 using 0.1 M NaOH 
was used to desorb the Cr(VI) ions, while MB was desorbed using distilled water 
adjusted to pH 2 using 0.1 M HCl. The adsorption experiment was conducted using 
the same protocol described above under optimal conditions, however, the 
desorption experiment was conducted using a mixture of 2 g of adsorbent (CE or 
SA-2) with adsorbed Cr(VI) ions or MB, and 30 mL of pH adjusted distilled water. 
After shaking at 293 K for 24 h, the solutions were filtered immediately and the 
adsorbent was washed several times with distilled water until it became neutral, 
followed by oven-drying at 105 ºC and then subjected to the adsorption process 
again. 
 
6.5. Results and discussion 
6.5.1. Adsorbent characterization  
Adsorption depends strongly on the surface chemistry and morphology of the 













proximate and ultimate analyses of PL and the HCs used have previously been 
reported (Ghanim et al., 2017) and the results are summarized in Table 6.1.  
 
























PL 42.3 0.6 29.9 0.53 1.55 2.7 0.8 16.2 - - 
CE 51.4 0.4 8.4 0.12 1.08 9.4 3.1 30.2 7.1 0.07 
SA-2 56.2 4.4 7.1 0.09 1.01 6.2 1.5 22.7 3.5 0.06 
Values (Means ±average of SD); (a) Calculated; (*) SMT protocol (mg g-1); (BET) Surface area; 
(BJH) adsorption pore volume. 
 
The results reveal that the HCs used in this study had surface functional groups and 
considerable quantities of mineralised multivalent cations which could be key factors 
in the adsorption process. Morphological analyses indicated that the surface area and 
pore sizes of the HCs used were very low. In addition FTIR was employed before 
and after adsorption of Cr(VI) and MB on both HCs, and the spectra are presented in 
Fig.6.1. The IR spectrum of the CE shows a broad O-H vibration between 3100 and 
3500 cm-1, aliphatic and aromatic C-H stretching between 2850 and 3100 cm-1 with 
C=C aromatic stretching evident at 1600 and 1440 cm-1 (Ghanim et al., 2017; Salimi 
et al., 2017; Xu et al., 2018). Similar peaks are evident for the SA-2. The most 
obvious differences between the CE and SA-2 IR spectra appear in the fingerprint 
region with intense peaks present at 1063 and 1020 cm-1 for CE which can be 
assigned to C-O-C bonds (Ghanim et al., 2017, 2016; Qian and Chen, 2014) but 
these peaks were narrower and shifted to higher frequency in the case of SA-2. There 
was no direct evidence of S=O vibrations however the presence of sulphur on SA-2 
was confirmed by the elemental analysis, Table 6.1 where the % sulphur increased 
from 0.4% for CE to 4.4% for the SA-2 HC. Examination of the IR spectra before 
and after adsorption for the two adsorbents showed similar changes. In the case of 
MB there was a shift in the aromatic peaks from 1600 to 1580 cm-1 and from 1440 to 
1383 cm-1 for both adsorbents, however in the case of SA-2 the peaks at 1156 and 
1100 cm-1 also become weaker suggesting that some C-O may be involved in 
adsorption. For Cr(VI) adsorption there was no change to the aromatic peaks but for 





interaction with the Cr(IV) species. These observations suggest that the surface 
functional groups might play the main role in the Cr(VI) and MB removal. 
 
 
Fig.6.1, The FTIR spectra of : (a) SA-2 before adsorption, (b) SA-2 after adsorption 
of MB and (c) SA-2 after adsorption of Cr(VI), (d) CE before adsorption, (e) CE 
after adsorption of MB and (f) CE after adsorption of Cr(VI). 
 
6.5.2. Optimization of Adsorption conditions 
The process conditions, such as solution pH, contact time, initial adsorbate 
concentration, absorbent dosage, temperature and ionic strength are important factors 
in determining the effectiveness of adsorption and may control the adsorption 
process (Nguyen et al., 2014) so their effects on Cr(VI) and MB removal were 





6.5.2.1. Effect of solution pH  
Solution pH is among the most significant parameters controlling the 
adsorption process as it affects both the surface charges of adsorbent and the 
speciation of the adsorbate (Liu et al., 2017). Therefore, the effect of pH on the 
removal of Cr(VI) and MB was explored in the pH ranges 2 - 13 or 2 - 9 using 50 mg 
L−1 solution of MB or Cr(VI) stirred for 90 min or 24h, respectively, with an HC 
adsorbent dosage of 2 g L−1 at 293K. The effect of pH on the adsorption of Cr(VI) 
and MB onto CE and SA-2 is shown in Figs.(6.2a, A.4.2a & A.4.3a).  
Effect of solution pH on Cr(VI) adsorption 
As can be seen in Figs.(6.2a & A4.2a), the solution pH had a significant 
influence on Cr(VI) adsorption onto the HCs. The Cr(VI) adsorption was pH 
dependent and the maximum Cr(VI) removal efficiency and adsorption capacity of 
32.9 % and 9.1 mg g−1 for CE, and 76.7 % and 19.7 mg g−1 for SA-2, respectively, 
was observed at pH 2 followed by sharp decrease at pH > 2 and then little change. 
The results indicate that the changes in HCs capacity for Cr(VI) removal was related 
to solution pH which can be explained by considering the surface charge of the 
adsorbent and the adsorbate species present. The adsorption properties of an 
adsorbent are strongly dependent on its surface chemistry which is mainly influenced 
by the solution pH (Liu et al., 2017). To investigate this, the pHpzc was measured and 
as shown in Fig.6.3a, the pHpzc of CE and SA-2 were 7.2 and 5.7, respectively. An 
adsorbent surface is neutral at (pH = pHpzc), but develops a positive charge at (pH < 
pHpzc) and a negative charge at (pH > pHpzc) (Han et al., 2017; Zhou et al., 2016). 
Thus, the HCs used had positive surfaces at pH 2, however, with the increase in 
solution pH, the adsorbent surface lost its positive charge and became negative.  
As previously reported by Zhou et al. (2016), HCrO4
-, CrO4
 2- and Cr2O7
 2- are 
the main ionic forms of chromate at acidic pH (pH < 3) and can be attracted to the 
positively charged groups present on the HC adsorbent surface. In contrast, 
increasing the solution pH led to a decrease in the Cr(VI) removal efficiency due to 
the deprotonation of surface functional groups, along with competition between the 
Cr(VI) ions and the OH− ions to occupy the active sites (Wang, 2018). Shang et al. 
(2017) and Zhou et al. (2016) studied Cr(VI) removal using various materials as 







Fig.6.2, Effects of parameters on Cr(VI) and MB removal efficiencies: (a) solution 
pH, (b) contact time, (c) initial adsorbate concentration, (d) adsorbent dosage, (e) 
temperature and (f) ionic strength. 
 
According to the results obtained, a solution pH of 2 is the optimal value for Cr(VI) 
adsorption onto CE and SA-2 and was therefore taken as the optimal pH for the 
Cr(VI) removal in subsequent experiments. The efficiency of Cr(VI) removal onto 
the SA-2 was noticeably higher than that of the CE which can be attributed to the 
higher quantity of active functional groups on the SA-2 (Zhao et al., 2017). It 







Fig.6.3, (a) The pHpzc of CE and SA-2 HCs and (b) Effect of initial pH on final 
solution pH. 
 
Effect of solution pH on MB adsorption 
The effect of solution pH on MB adsorption onto CE and SA-2 was examined 
and the results are shown in Figs.(6.2a & A.4.3a). It can be seen that the MB 
removal efficiency and the adsorption capacity of the HCs increased with increasing 
solution pH. The maximum adsorption capacities were reached at pH 12 with MB 
removal efficiencies of 99.7 % and 99.9 % for CE and SA-2, respectively. 
According to observations reported by Wang et al. (2017), the solution pH can 
affect the speciation of the MB i.e. undissociated (MB0) or cationic (MB+) forms, 
depending on the solution pH. 86 % of the MB can be present as MB0 at a solution 
pH of 3 while at solution pH > 6, it only exists in the cationic form (MB+) (Salazar-
Rabago et al., 2017). Thus, the changes in MB removal efficiencies and adsorption 
capacities of HCs with changing solution pH may be attributed to changes in the 
surface charge of the HCs used and MB species present. 
As can be seen in Fig.6.2a, and based on the explanation given above, MB 
removal efficiencies increased at basic pH (pH > pHpzc) due to electrostatic attraction 
between the MB cations and the negatively charged surface of the HCs used. 
However, the low MB removal efficiencies at acidic pH can be explained by the fact 
that the adsorbate was almost exclusively in the MB0 form (Kazak et al., 2017a). In 
addition, electrostatic repulsion between the remaining MB cations and the 
positively charged HC surface might play a role (Islam et al., 2017). This was 





the initial pH of < 12 while it remained close to the corresponding initial pH of ≥ 12. 
The current results for the effects of solution pH on MB removal were in agreement 
with those reported by other studies (Salimi et al., 2017; Wang et al., 2017). 
It was also noted that, in some cases at acidic pH after adsorption of the MB 
onto the HCs that the MB solution developed a new colour (greenish yellow) and its 
absorption was found to be slightly higher than that of the initial MB solution. The 
same observation for MB removal by orange peel was made by Velmurugan et al. 
(2011) who attributed it to the presence of some acidic elements.  
Overall, it was clear that MB adsorption onto both HCs was highly pH 
dependent. The mechanism of MB adsorption onto the HCs used can be strongly 
correlated to the surface charge and suggests that electrostatic attraction might be the 
dominant process (Xiong et al., 2018). The data indicated that MB can be effectively 
removed by the PL HCs at pH 12, consequently subsequent experiments were 
carried out at a solution pH of 12. 
6.5.2.2. Effect of contact time 
Adsorption time is a significant parameter because it can impact the kinetics 
of the adsorption process. Therefore, the effects of contact time on Cr(VI) and MB 
removal  by both  CE and SA-2, were performed. The Cr(VI) and MB adsorption 
was conducted as a function of contact time between 5 min and 96 h or 3 min and 24 
h at pH 2 or 12, respectively, using  2 g L−1 of adsorbent in 30 mL of 50 mg L−1 
adsorbate solution which was stirred at 293 K. Figs.2b, A.4.2b & A.4.3b, present the 
effect of contact time on the adsorption of Cr(VI) and MB onto CE and SA-2 HCs.  
Effect of contact time on Cr(VI) adsorption 
As seen from the results (Figs.6.2b & A.4.2b), the removal efficiencies and 
adsorption capacities increased gradually with contact time, reaching an equilibrium 
value after 24 h for both HCs after which they remained relatively constant. The 
adsorption capacities of the CE and SA-2 were 9.1 and 19.7 mg g-1 with 32.9 % and 
76.7% Cr(VI) removal efficiencies, respectively. This suggested that with an 
increase in contact time, almost all the available active sites on the surface of the 
adsorbent had bound Cr(VI) ions, saturating the active sites. On this basis a contact 






Effect of contact time on MB adsorption 
As revealed from Figs.(6.2b & A.4.3b), the MB adsorption onto both HCs 
was fast, with 50 – 65 %  MB removal in the first 5 min, 87 – 95 % removed after 30 
min, with equilibrium reached within 90 min. The rapid increase in adsorption at the 
initial stage was due to the widespread availability of sites (Kazak et al., 2017b) 
which became saturated over time, slowing adsorption because of competition 
between MB cations for the limited active sites (Islam et al., 2017). The results 
indicated that both HCs were suitable for MB adsorption, achieving equilibrium after 
90 min; consequently, 90 min was taken as the optimal time for the batch 
experiments. 
6.5.2.3. Effect of the initial adsorbate concentration  
Initial concentration of adsorbate is considered an important factor for 
adsorption processes. To investigate this, 30 mL solutions of Cr(VI) or MB with 
concentrations ranging from 1 to 500 mg L-1 at pH of 2 or 12 were stirred for 24h or 
90 min, respectively, with an adsorbent dosage of 2 g L−1 at 293 K. The effects of 
initial adsorbate concentration on Cr(VI) and MB adsorption onto CE and SA-2 are 
shown in Figs.(6.2c, A.2c & A.3c). 
Effect of the initial adsorbate concentration on Cr(VI) adsorption 
The initial Cr(VI) concentration obviously affected the adsorption of Cr(VI) 
onto the HCs. The adsorption capacity increased with increasing Cr(VI) 
concentration, however, the increase in adsorption capacity lagged that of the Cr(VI) 
concentration (Lu et al., 2017). At a Cr(VI) concentration from 1 to 500 mg L−1, the 
adsorption capacities of CE and SA-2  increased from 0.33 to 29.7 mg g-1 and from 
0.53 to 24.7 mg g-1, respectively. As can be seen in Fig.6.2c, the Cr(VI) removal 
efficiencies gradually decreased from 62.4% to 10.4% and from 100% to 9.5% for 
CE and SA-2, respectively. A similar effect of initial concentration was reported by 
Panda et al. (2017) who attributed it to the decrease in available active sites. 
According to these observations, the optimum initial Cr(VI) concentration was 
selected as 50 mg L-1 for further experiments. 
Effect of the initial adsorbate concentration on MB adsorption 
As can be seen in Fig.6.2c, the initial MB concentration had a significant 





50 mg L-1 led to an increase in MB removal efficiency from 95.3% to 99.7% and 
from 98.5% to 99.9% for CE and SA-2 respectively, after which a rapid decrease 
was observed for SA-2 while for CE, it was relatively constant. This can be 
explained by saturation of active sites (Islam et al., 2017). Furthermore, the 
adsorption capacities of MB for CE and SA-2 increased from 0.47 to 211.9 mg g-1 
and from 0.47 to 166.9 mg g-1, respectively, as the initial MB concentration 
increased from 1 to 500 mg L-1. A similar observation was reported by other studies 
Islam et al. (2017) who attributed it to increased contact between MB cations and the 
HC surface at high initial MB concentrations. 
These results, suggest that the removal efficiencies were similar for both HCs 
and that a MB concentration of 50 mg L-1 can be effectively removed under optimal 
conditions, consequently 50 mg L-1 was selected as the optimal initial MB 
concentration for further experiments. 
6.5.2.4. Effect of adsorbent dosage 
Adsorbent dosage is an important factor for removing Cr(VI) and MB from 
aqueous solution, therefore, its influence on Cr(VI) and MB removal on the HCs was 
investigated and the results are shown in Figs.(6.2d, A.4.2d & A.4.3d). The HC 
dosages (0.5 - 4.0 g L−1) were dispersed in 30 ml of 50 mg L−1 initial Cr(VI) or MB 
solutions at pH 2 or 12, and stirred for 24 h or 90 min, respectively, at 293 K.  
Effect of adsorbent dosage on Cr(VI) adsorption  
As can be seen in Figs.(6.2d & A.4.2d), an increase in the adsorbent dosage 
resulted in an increase in the Cr(VI) removal efficiencies, however, the adsorption 
capacity decreased. These observations probably reflect that the increase in 
adsorbent dosage provided more active sites to attract Cr(VI) ions. The maximum 
Cr(VI) removal efficiencies of CE (32.9 %) and SA-2 (76.7 %) were achieved using 
2 g L−1 of adsorbent, with further increases in the adsorbent quantity (4 g L−1) 
leading to a decrease in the Cr(VI) removal efficiency to 17.4% for CE while that of  
SA-2 remained relatively constant. Similar to that observed by Chen et al. (2017), 
increasing  the adsorbent dosage from 0.5 to 4.0 g L−1 resulted in a decrease in the 
adsorption capacity of CE and SA-2, from 15.0 to 2.4 mg g−1 and from 34.5 to 11.3 
mg g−1 respectively. This is a common observation and is attributed to competition 
among the adsorbent active sites for the available Cr(VI) ions (Zhang et al., 2017). 





Effect of adsorbent dosage on MB adsorption 
From the results at lower adsorbent dosage, both HCs showed excellent MB 
removal efficiencies which increased with an increase in adsorbent dosage, however, 
the adsorption capacity gradually decreased. As seen in Fig.6.2d, the increase in the 
adsorbent dosage from 0.5 to 2.0 g L−1 increased the MB removal efficiency from 
88.7% to 99.7% and from 85.6% to 99.9% for CE and SA-2 respectively. Further 
increasing the adsorbent dosage to 4.0 g L−1, found the MB removal efficiencies of 
both HCs remained constant or decreased slightly, indicating that equilibrium values 
were reached with 2.0 g L−1 of adsorbent. The improvement in the MB removal 
efficiency with an increase in adsorbent dosage was due to the availability of a large 
number of active sites, however, the decrease in adsorption capacity could be related 
to a decrease in the availability of MB in solution per g of adsorbent. Similar MB 
adsorption behaviour was previously reported (Kazak et al., 2017a). According to the 
current results, the adsorption properties of MB on the HCs were broadly similar, 
and 2.0 g L−1 was determined as the optimum adsorbent dosage which was used in 
other parts of this study.  
6.5.2.5. Effect of temperature 
Temperature is known to affect the adsorbent and the adsorbate properties. 
Therefore, the effect of temperature on the Cr(VI) and MB adsorption onto CE and 
SA-2 was examined. Experiments were conducted at 293, 323 and 348 K using 30 
ml of a 50 mg L−1 solution of Cr(VI) at pH 2 or MB at pH 12, stirred for 24h or 90 
min, respectively, with an adsorbent dosage of 2 g L−1. The effect of temperature on 
Cr(VI) and MB absorption onto CE and SA-2 is shown in Figs.(6.2e, A.4.2e & 
A.4.3e). 
Effect of temperature on Cr(VI) adsorption 
It was noted in the Figs.(6.2e & A.4.2e) that an increase in temperature 
resulted in an increase in the Cr(VI) removal efficiency and adsorption capacity 
(Mohan et al., 2014) indicating that adsorption was endothermic process. The Cr(VI) 
removal efficiency and adsorption capacity of SA-2 increased gradually with 
temperature while that of CE showed an initial slight increase at 323K followed by a 
sharp increase. The maximum values for Cr(VI) removal efficiencies and adsorption 
capacities of CE and SA-2 measured at 348K were 71.6% and 19.1 mg g-1 and 





studies by Enniya et al. (2018) who reported that the Cr(VI) removal efficiency 
increased with a temperature. From the results obtained, it can be concluded that 
temperature had a significant influence on the Cr(VI) adsorption onto both HCs. The 
Cr(VI) removal efficiency of SA-2 increased by 16.9% at 348 K compared to 293K, 
with a significantly greater increase of 38.7% observed for CE HC. This indicated 
that the HCs used could be used efficiently for Cr(VI) removal at 348 K, however, to 
make the process more economical, the batch adsorption studies were carried out at 
room temperature (293 K). 
Effect of temperature on MB adsorption 
For MB removal and as shown in Figs.(6.2e & A.4.3e), it was found that 
temperature had a negligible effect on the MB adsorption; further batch experiments 
were conducted at 293K. 
6.5.2.6. Effect of ionic strength 
Ionic strength influences adsorption due to its effects on electrostatic 
interactions between the adsorbent surface and adsorbate ions/cations combined with 
the fact that contaminated water usually contains significant quantities of salts such 
as NaCl (Malekbala et al., 2015). Therefore, the effect of ionic strength on Cr(VI) 
and MB adsorption was investigated in this study. The experiments were carried out 
by dispersing 2 g L−1 of the adsorbent into 30 ml of 50 mg L−1 Cr(VI) or MB 
solution at pH 2 or 12, and the suspension was stirred for 24 h or 90 min, 
respectively, containing various concentrations of NaCl (0.00, 0.05, 0.1 and 0.3 M), 
at 293 K. The effect of ionic strength on the Cr(VI) and MB adsorption onto CE and 
SA-2 is shown in Figs.(6.2f, A.4.2f & A.4.3f).   
Effect of ionic strength on Cr(VI) adsorption 
The results indicated that Cr(VI) adsorption was strongly effected by ionic 
strength. As shown in Fig.6.2f, by increasing the NaCl concentration from 0.0 to 
0.05 M, the efficiency of Cr(VI) removal by CE and SA-2 decreased from 32.9% to 
4.3% and from 76.7% to 41.0%, respectively, this was in line with that reported by 
Rosales et al. (2017). However, a further increase in NaCl concentration to 0.3 M 
resulted in negligible change in the Cr(VI) removal efficiency onto either HC 
probably due to competition between Na+ ions and positively charged sites on the 





attraction in the adsorption of Cr(VI) onto the HC. A similar observation was made 
by Jiang et al. (2017) which they attributed to the Cl- competing with Cr(VI) for 
adsorption sites and also that Na+ could hinder the electrostatic attraction between 
the charges on the adsorbent and Cr(VI) ions in solution. 
Effect of ionic strength on MB adsorption 
The results showed that the ionic strength had little effect on MB adsorption. 
As can be seen in Figs.(6.2f & A.4.3f) the MB adsorption capacity increased slightly 
with ionic strength, however, the MB removal efficiencies decreased slightly then 
increased with increasing NaCl concentration. These changes confirmed the effect of 
ionic strength on electrostatic attraction between the MB cations and the negative 
charge on the surface HCs. This could be due to the presence of Na+ which can 
adsorb onto surface of HCs used (Malekbala et al., 2015; Salazar-Rabago et al., 
2017).  
6.6. Regeneration and reuse 
Desorption is an important step to make sure the use of HCs for the removal 
of contaminants is both economical and environmentally friendly, ensuring the 
reusability of adsorbents, recovery of contaminants and reduction of wastes. 
Therefore, the adsorption-desorption cycle was repeated four times to investigate the 
recyclability of the CE and SA-2 HCs for the removal of Cr(VI) and MB. Because 
the adsorption of Cr(VI) and MB depend on the solution pH, the use of pH adjusted 
distilled water was chosen for desorption of adsorbate from HCs. The results 
obtained revealed that the regenerated HCs were reusable for four cycles without any 
change in the removal efficiency. These results indicate that CE and SA-2 HCs have 
reasonable regeneration and reusability characteristics for the adsorption of Cr(VI) 
and MB. 
 
6.7. Adsorption mechanism 
6.7.1. Adsorption kinetics 
Kinetic analysis is important for investigating and identifying the rate 
limiting step in the adsorption process. A kinetic study of Cr(VI) and MB adsorption 
onto both CE and SA-2 was carried out. Experiments for MB or Cr(VI) adsorption 





min to 96 h, respectively, under optimal condition. The data was fitted to the pseudo-
first-order (PFO) (Eq.3) and pseudo-second-order (PSO) (Eq.4) models.   
 
                                                (6.3)                               
    
                                                                  (6.4)    
                                                       
where qe and qt (mg g
-1) refer to the adsorption capacity of Cr(VI) or MB at 
equilibrium and at time (t, min), respectively . K1 (min
−1) and K2 (g mg
−1 min−1) are 
the equilibrium rate constants for the PFO and PSO processes, respectively. K1 and 
qe can be calculated from the slope and intercept of the plot of log (qe - qt) versus t 
and K2 and qe can be calculated from the slope and the intercept by plotting t/qt 
versus t (Fig.S4). The values obtained are listed in Table 6.2.   
Table 6.2, Kinetics parameters of adsorption of Cr(VI) and MB onto CE and SA-2 
HCs. 
model Pseudo-First-Order  Pseudo-Second-Order  
Parameter 










g mg-1 min-1 
R2 
Cr(VI)/CE 9.14 9.20 0.516 0.944 9.59 0.107 0.990 
Cr(VI)/SA-2 19.67 19.66 0.259 0.927 19.62 0.020 0.988 
MB/CE 24.21 24.45 0.082 0.838 24.31 0.009 0.999 
MB/SA-2 23.63 23.24 0.090 0.866 23.65 0.010 0.996 
(qe-exp) experimental qe 
 
The PFO model relies on the assumption that physical adsorption dominates the 
adsorption process while the PSO model assumes that chemical adsorption is the 
limiting step (Wang, 2018).  
As seen from Table 6.2, the qe for both models were very consistent with the 
experimental qe, however, higher coefficients of determination (R
2) were obtained 
for the PSO model for both Cr(VI) and MB adsorption (0.9883 - 0.9994) compared 
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Fig.6.4, Adsorption kinetic fitted to experimental adsorption of: (a) Cr(VI) onto CE , 
(b), Cr(VI) onto SA-2 (c) MB onto CE  and (d) MB onto SA-2. 
 
As shown in Fig.6.4, the qt values obtained from PSO model were fitted to 
experimental data. This result was similar to those of Zhou et al. (2016) and Wang et 
al. (2017), respectively, for Cr(VI) and MB adsorption onto different adsorbents. 
Based on the data obtained, the Cr(VI) and MB adsorption onto the HCs used could 
be better described by the PSO, suggesting that chemical adsorption was rate 
limiting for both Cr(VI) and MB adsorption onto the HCs used.  
6.7.2. Adsorption isotherms 
The adsorption isotherm at various adsorbate concentrations can be used to 
characterize the equilibrium and mechanism. Thus, a series of experiments were 
conducted using various initial Cr(VI) and MB concentrations from 1 to 500 mg L-1 
under equilibrium conditions. The experimental data were fitted using the Langmuir 
(Eq.5) and Freundlich (Eq.6) models. The data obtained are summarized in Table 
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where Ce (mg L
-1) is the equilibrium Cr(VI) or MB concentration while qe and qm 
(mg g-1) are the equilibrium and the maximum adsorption capacities, respectively. 
KL (L mg
-1) and KF [(mg g
-1)( L mg-1)1/n] are the Langmuir equilibrium adsorption 
constant and Freundlich equilibrium adsorption constant, respectively (Wang, 2018). 
However, n is the adsorption intensity which is used as an indicator for adsorption 
process, a value of n >1 indicates favourable physical adsorption, whereas n <1 
represents chemisorption (Ronix et al., 2017). 
The Langmuir isotherm model suggests that the adsorption process occurs 
onto homogeneous surfaces with monolayer adsorption sites while the Freundlich 
model assumes that the adsorption process occurs onto heterogeneous surfaces with 
multilayer adsorption sites (Zhou et al., 2016).  
The isotherm constants n and KF were calculated from the slope and intercept 
of the plot of log qe versus log Ce while the isotherm qm and KL were calculated from 
the slope and intercept of the plot between Ce/qe and Ce (Fig. A.4.5). Based on the 
data presented in Table 6.3, the correlation coefficient (R2) values obtained from the 
Freundlich model were higher compared with that for the Langmuir isotherm 
providing a better description of the adsorption and suggesting that the Cr(VI) and 
MB adsorption on HCs occurred onto multilayer heterogeneous sites. The n values 
which were <1, indicated that the Cr(VI) and MB were chemisorbed onto the HCs 
(Zhou et al., 2016).  
Table 6.3, Isotherm parameters of adsorption of Cr(VI) and MB onto CE and SA-2 
HCs. 








(mg g-1)·(mg L-1)1/n 
Cr(VI)/CE 0.0724 1.1×103 4.4×10-4 0.999 0.988 0.48 
Cr(VI)/SA-2 0.0030 1.0×104 4.8×10-5 0.999 0.998 0.48 
MB/CE 0.0033 1.7×105 2.9×10-6 1 0.999 0.49 
MB/SA-2 0.5936 5.0×103 9.7×10-5 1 0.999 0.48 
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A similar observation was made by Zhang et al. (2017) and Wang et al. (2017), 
respectively, for Cr(VI) removal by cephalosporin-derived biochar and activated 
carbon and for MB adsorption onto oxygen functionalized carbon nanocomposites. 
In contrast to the current results, Shi et al. (2018) and Sun et al. (2015) found that the 
Langmuir isotherm model could better describe the Cr(VI) adsorption onto corn 
cops- derived HC and modified HC with polyethylene imine, and for MB removal by 
biochar derived from eucalyptus saw dust with organic acids, respectively.  
6.7.3. Adsorption thermodynamics 
The thermodynamic parameters including ΔH0, ΔS0 and ΔG0 are useful for 
identifying whether the adsorption is endothermic or exothermic, and occurs 
spontaneously or not. A thermodynamic study of Cr(VI) and MB adsorption onto CE 
and SA-2 was conducted at temperatures of 293, 323 and 348 K under optimal 
conditions and the thermodynamic parameters were calculated using the following 
equations 
 
                                                                         (6.7)                                        
 
                                                           (6.8) 
 
                                                       (6.9) 
 
                                                         (6.10) 
                                                             
Where Ca and Ce are the Cr(VI) or MB concentration onto the adsorbent and in the 
solution at an equilibrium point, respectively. The thermodynamic equilibrium 
constant K is related to the Gibbs free energy change (ΔG0) (J mol−1), R (8.314 J 
mol−1 K−1) is the gas constant, and T (K) is the temperature of the adsorption 
process. ΔH0 (J mol-1) and ΔS0 (J mol-1 K-1) are the enthalpy and entropy changes of 
the adsorption at constant temperature, respectively. The values of ΔH0 and ΔS0 
were obtained from the slope and intercept of ln K versus 1/T plot (Fig. A.4.6), and 
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adsorption of Cr(VI) onto both HCs was endothermic (Shi et al., 2018). However, 
for MB adsorption, the ΔH0 values were negative and low, indicating that the 
adsorption was exothermic and that lower temperature favoured MB adsorption onto 
both HCs. This was different to that reported by Ronix et al. (2017) who found that 
the MB adsorption onto HC from coffee husk was endothermic.  
The ΔG0 values for Cr(VI) adsorption onto SA-2 and MB adsorption onto 
both HCs used were negative and decreased (increasingly negative) with 
temperature, indicating that the adsorption process was spontaneous and the removal 
efficiency was favoured at high temperature (Ronix et al., 2017; Shi et al., 2018). 
This can be explained by the increased mobility of the adsorbate ions/cations with 
temperature, providing more energy to facilitate the interaction with the functional 
groups present on the HC surface (Jana et al., 2018). 
Table 6.4, The thermodynamic parameters of adsorption of Cr(VI) and MB onto CE 





Temperature (K) Temperature (K) 
293 323 348 293 323 348 
CE 
ΔG0 (kJ mol-1) 1.74 1.52 -2.68 -14.31 -14.51 -14.56 
ΔH0 (kJ mol-1) 23.84   -14.22   
ΔS0 (J mol-1K-1) 73.56   0.86   
SA-2 
ΔG0 (kJ mol-1) -2.90 -5.22 -7.77 -16.43 -18.06 -18.33 
ΔH0 (kJ mol-1) 23.83   -5.93   
ΔS0 (J mol-1K-1) 90.07   36.31   
 
Although the ΔG0 values of Cr(VI) adsorption onto CE HC also decreased with 
temperature, it was only negative at 348K, suggesting the adsorption might not occur 
spontaneously. The ΔS values in all cases were positive, indicating that the Cr(VI) 
and MB adsorption onto both HCs became more random during the adsorption 
process (Shi et al., 2018). The current result was supported by other study of Cr(VI) 
adsorption onto chitosan-derived HC (Shen et al., 2016), however, it was different to 
that reported by Pang et al. (2017) for MB removal by mesoporous birnessite. Based 
on these observations, it could be concluded that the Cr(VI) adsorption onto SA-2 
was spontaneous and endothermic, however, the thermodynamic parameters of MB 





6.8. Possible adsorption mechanism   
In order to develop a better understanding of the mechanism of Cr(VI) and MB 
adsorption by the HCs used, the effect of all factors investigated should be 
considered. As discussed earlier, the removal of Cr(VI) and MB by both HCs used 
was extremely sensitive to changes in the initial pH. This confirmed that electrostatic 
attraction and/or repulsion between the adsorbate species and net charges on the 
adsorbent surface played an important role in the Cr(VI) and MB adsorption process. 
According to the results obtained, the Cr(VI) adsorption was determined by the final 
pH which stayed close to the corresponding initial pH of 2 (electrostatic attraction), 
however, when the initial pHs were >2, the final pH coincided close to the pHpzc 
(electrostatic repulsion). These observations combined with the released cations 
effects confirmed that the electrostatic attraction mechanism existed and played an 
important role in Cr(VI) removal by both HCs used while ion-exchange mechanism 
could only be occurred simultaneously with electrostatic attraction in the case of CE 
HC (A.4.1 & A.4.2).  
As seen, mostly similar results of MB removal were obtained by both HCs 
used; this confirmed that the adsorption process occurred by the same mechanism. It 
can be explained by considering the effects of pH on the surface of the HCs used and 
MB species as discussed earlier, at low initial pH the HCs surfaces had positive 
charges and the MB0 was the dominant form (no attraction), in contrast to that at 
high initial pH, where the HCs surface was negatively charged and the solution was 
dominated by MB+ (electrostatic attraction). This observation revealed that the 
electrostatic attraction could be the main mechanism behind MB removal in this 
study.  
6.9. Conclusion 
PL derived HC and acid modified HC were successfully used as adsorbents for 
Cr(VI) and MB removal. The results indicated that the HCs used exhibited high 
removal efficiency towards MB while for Cr(VI) removal, the H2SO4 modified HC 
was better, suggesting that H2SO4 can be used to produce an effective adsorbent for 
Cr(VI) removal from aqueous solution. Both Cr(VI) and MB adsorption processes 
were strongly pH dependent, and maximum removal was achieved at pH 2 and 12, 
respectively. An increase in the temperature significantly affected the Cr(VI) 





adsorption. Thermodynamic parameters confirmed that the Cr(VI) adsorption 
process was endothermic while MB adsorption was exothermic. All kinetic data 
obtained followed the pseudo-second-order model while the isotherm data fitted well 
with the Freundlich isotherm model. The adsorption of Cr(VI) and MB onto the HCs 
used was primarily through electrostatic interactions but in the case  of Cr(VI) 
removal, ion exchange may also be playing a role.  
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Chapter 7: Conclusion and Future work 
This thesis has presented a comprehensive experimental study of hydrochar 
produced from hydrothermal carbonisation of poultry litter. New insights were 
elucidated for the effects of hydrothermal carbonisation process parameters on 
hydrochar produced and its applications which could be specific areas of interest for 
further development. This chapter summarises the conclusions drawn from this work 
and provides recommendations for future research in this field.  
7.1. Conclusion 
The effect of hydrothermal carbonisation (HTC) process parameters on the yield 
(HY), energy content and chemical composition of poultry litter (PL) derived 
hydrochar (HC) was investigated. The results indicated that the conditions of HTC 
treatment have a significant impact on the HY and properties of the HC. The 
treatment temperature was the dominant parameter while the effect of residence time 
was significant at high treatment temperature. However, the effect of initial pH was 
obviously dependent on type of additive. The increase in treatment temperature, 
residence time and the acidity using CH3COOH led to a decrease HY. In contrast, 
HY increased significantly with increasing the concentration of H2SO4. In all cases, 
the change in HY was accompanied with obvious enhancement in energy content 
which reflects the high carbon content. This suggested that the HTC process can 
convert low value material into valuable products that can be used as biofuel. The 
ash content increased with treatment temperature and residence time, providing a 
better storage of important nutrients. Producing HC from HTC of PL changes the 
forms of nutrients significantly, providing a slow-release fertilizer which can be 
advantageous in environmentally sensitive landscapes where eutrophication is 
problematic. The effect of initial pH on inorganic content was the opposite, the ash 
content decreased with the acidity regardless of the type additive. Acidic conditions 
favour higher inorganic extraction particularly with a mineral acid (H2SO4). The 
morphological and surface chemistry investigation revealed that PL derived HC has 
very low surface area and porosity but with a considerable number of surface 
functional groups which could be enhanced by H2SO4 modification. The adsorption 
study of hexavalent chromium (Cr(VI)) and methylene blue (MB) indicated that the 





the H2SO4 modified HC was much better, suggesting that the presence of H2SO4 
during HTC of PL can largely enhance the adsorption properties of HC used for 
Cr(VI) removal.  
Based on these observations, the results of this thesis therefore demonstrate that 
through applying mild process severity the potential energy output of the HTC 
process can be increased while producing a HC product with high nutrient and 
carbon sequestration potential and positive functional properties for soil and 
environment amendment. Thus, optimum HTC process conditions must be based on 
the end use of HTC products.  
7.2. Recommendations for future work  
Even with available investigations related to HTC of PL, there is still a 
substantial knowledge gap, thus, recommendations for further HTC research can be 
made on different levels. The following recommendations are presented:  
 It is recommended to obtain more insight into the HTC reactions and mechanistic 
chemistry taking place during the reaction, which can be obtained through 
modelling and kinetic studies. 
 Further research on the HC characteristics such as stability, pelletisation and 
combustion behaviour of PL-derived HC need more attention in relation to HTC 
process conditions.  
 This study exploits the effect of initial pH in acidic range on HC properties and 
its potential application. Therefore, it is recommended to obtain more insight into 
HC products prepared from HTC of PL as function of basic range of initial pH at 
constant treatment temperature and residence time. 
 The combustion properties of PL-derived HC and gaseous emissions are essential 
for any future application of this HC as energy source. Therefore, it is 
recommended to obtain more insight into HC behaviour during combustion 
process. 
 Using HC products as soil amendments is needed more attention, thus, it would 
be interesting to investigate its effect on soil properties, nutrient leaching and 
plant growth.  
 The liquid phase product due to its high chemical content offers potential interest 





process conditions on liquid phase products and evaluate its potential 
applications.   
 The effect of process parameters on adsorption properties of PL-derived HC has 
not been studied thoroughly. Further research in this field is recommended to 


































Appendix. Supplementary material 
 
Throughout the main body of this thesis, hydrochar and poultry litter samples were 
analysed, however, the results were results were kept to minimum. Therefore, 
additional data and discussion were collected and presented in the following section. 
 
A1.Chaper 3 
A1.1. Structural prosperities of the hydrochars 
The textures (morphology) of the hydrochars (HC) were examined by SEM 
and the images are shown in Fig.A.1.1, where it can be seen that the original texture 
of the HCs was affected by HTC process confirming, the recent finding of other 
researchers (Zhang et al., 2015).  
 
                    
 
Fig.A.1.1, SEM images of hydrochars (a) 30-150, (b) 30-175, (c) 480-200, (d) 480-
300. 
 
HCs obtained at temperatures of 150 and 175 ºC shown in Fig.A.1.1 (a - b), showed 
incomplete decomposition and a corrugated surface with holes however, HCs 
obtained at  treatment temperatures ≥ 200 ºC shown in Fig.A.1.1 (c - d) had 
disintegrated structures with microspheres. From Fig.A.1.1 (c), it is worth 





are likely to be mineral fragments from the manure in the PL. Narrow particles with 
irregular shapes were observed in (480-300) HC shown in Fig.A.1.1 (d) this might be 
due to the fusion of produced spheres at higher treatment temperature for longer 
time. A similar observation was made by (Li et al., 2011). 
In addition, for a better understanding of the chemical composition and 
structure of the PL and HCS, FTIR spectra were analysed in the region 4000 – 650 
cm-1 and shown in Fig.A.1.2. The analyses of FTIR spectra revealed that the O-H 
stretching vibration in hydroxyl or carboxyl group was present in both PL and HCs 
with a broad band around 3300 cm-1, in line with the other researcher’s findings 
(Paul et al., 2011; Reza et al., 2014). The intensity of the O-H peak in HCs was 
significantly decreased due to oxygen removal which is probably related to the 
dehydration of the HC during the HTC process (He et al., 2013).  
                          
 
Fig.A.1.2. FTIR Spectrums of poultry litter and hydrochars (a) effect of treatment 
temperature (b) effect of residence time.  
Aliphatic C-H bands were observed in the range of 2920 - 2850 cm-1 for the both PL 
and HCs (Paul et al., 2011; Reza et al., 2014). The intensity of C-H bands increased 
with the temperature which gives an indication of the increase in the more aliphatic 
species in the HCs. A numbers of bands were located in the region 1700 - 1200 cm-1. 





stretch of an amide. These bands weakened or disappeared for HCs prepared at ≥ 
225 ºC which indicates that the decarboxylation reaction occurred during HTC 
process (He et al., 2013). Peaks at 1525 cm-1 in the spectra of PL and HCs were 
attributed to stretching of C=O groups which disappeared in those HCs prepared at ≥ 
225 ºC due to decarboxylation reactions (He et al., 2013). The aromatic structure of 
lignin was confirmed by the peaks at 1450 cm-1 (Reza et al., 2015) which became 
sharper with temperature, a strong indication of increasing lignin concentration. 
Another peak was detected around 1380 cm-1 in the PL and HCs spectra, which 
could be attributed to the C-H bond of hemi-cellulose components (Reza et al., 
2014). This peak showed a decline in intensity with treatment temperature, which 
confirmed the findings from fiber analysis. Peaks around 1320 cm-1 attributed to the 
C-O stretching in alcohols, ethers or esters (Sevilla et al., 2011), completely 
disappeared in HCs prepared at ≥ 225 cm-1 due to decarboxylation. In the PL and HC 
obtained at ≤ 225 ºC spectra, the peaks at 1160 cm-1 recognized as an antisymmetric 
stretching of C-O-C bond,  provided further support for existence of both cellulosic 
and hemi-cellulosic compounds (Parshetti et al., 2013). The spectra from the HCs 
exhibited a peak at 1060 cm-1, which was assigned to the straight chain C-C 
stretching (Yuan et al., 2011). Peaks lying within the band of 1030 - 1020 cm-1 can 
be assigned to Si-O stretching which indicates that the mineral compounds were 
retained during HTC process (He et al., 2013; Yuan et al., 2011). The peaks at about 
900 and 784 cm-1 are assigned to the aromatic C-H bending vibrations as proposed 
by (Cao et al., 2013) were observed in the spectra of the HCs prepared at ≤ 225 ºC. 
These peaks suggested the occurrence of aromatisation of HCs at treatment 
temperature < 250 ºC. 
From the FTIR spectra Fig.A.1.2 (a & b), it can be concluded that PL and 
HCs contains carbohydrate and inorganic compounds and no major structural 
changes were observed in the HCs produced below temperature 200 ºC. Nonetheless, 
the changes in the FTIR spectrum confirmed that the HTC process over 200 ºC had 
great influence on the chemical structure of HCs. Also it can be concluded from the 
Fig.A.1.2 (a), the residence time has less effect on the chemical structure of HCs 
than treatment temperature. These findings were in agreement with chemicals 

























30-150 200.30 8.73 150 30 7.5 
30-175 200.67 8.86 175 30 12 
30-200 200.75 8.80 200 30 21 
30-225 200.0 8.84 225 30 30 
30-250 200.67 8.83 250 30 40 
30-275 200.94 8.77 275 30 67 
30-300 200.62 8.82 300 30 95 
120-150 200.50 8.83 150 120 7.5 
120-175 200.08 8.80 175 120 12 
120-200 200.90 8.89 200 120 21 
120-225 200.67 8.87 225 120 30 
120-250 200.46 8.87 250 120 40 
120-275 200.11 8.81 275 120 67 
120-300 200.77 8.81 300 120 95 
480-150 200.70 8.80 150 480 7.5 
480-175 200.57 8.85 175 480 12 
480-200 200.12 8.74 200 480 21 
480-225 200.83 8.86 225 480 30 
480-250 200.71 8.86 250 480 40 
480-275 200.03 8.84 275 480 67 






















Values (Mean ±SD); (*) Values (Mean ± averaged SD); (VM) volatile matter; (FC) fixed carbon; (ED) energy density; (FR) fuel ratio; (ESE) Ethanol Soluble Extractives; 
(AIR) Acid Insoluble Residues; (a) Calculated by difference. 
PL &  
HC 
ID 









±0.38 N ±SD 
 
S ±SD 







FRa ±SD EDa ±SD 
PL 4.19 ±0.11 0.65 ±0.01 1.02 72.95 ±0.47 10.67 ±0.47 0.55 1.59 15.96 ±0.02 0.15 ±0.01 - 7.64 10.42 
30-150 2.97 ±0.16 0.23 ±0.16 0.57 72.00 ±0.20 15.41 ±0.20 0.59 1.56 16.68 ±0.10 0.21 ±0.00 1.04 ±0.01 9.93 16.85 
30-175 4.51 ±0.03 0.71 ±0.03 0.19 68.26 ±0.52 15.52 ±0.52 0.53 1.55 16.76 ±0.04 0.23 ±0.01 1.05 ±0.00 24.54 25.01 
30-200 3.48 ±0.03 0.25 ±0.03 0.01 66.79 ±0.54 17.97 ±0.54 0.35 1.40 20.05 ±0.08 0.27 ±0.01 1.24 ±0.00 17.18 33.31 
30-225 3.62 ±0.07 0.30 ±0.07 0.01 59.81 ±0.05 21.17 ±0.05 0.30 1.39 21.06 ±0.05 0.35 ±0.00 1.30 ±0.00 21.06 35.54 
30-250 4.96 ±0.14 0.36 ±0.14 0.02 46.77 ±0.21 25.16 ±0.21 0.08 1.22 22.12 ±0.19 0.54 ±0.01 1.36 ±0.01 20.25 56.22 
30-275 4.38 ±0.03 0.34 ±0.03 0.01 40.24 ±0.33 25.89 ±0.33 0.10 1.14 20.42 ±0.11 0.58 ±0.07 1.25 ±0.01 16.60 56.44 
30-300 4.51 ±0.09 0.34 ±0.09 0.01 45.48 ±0.69 23.09 ±0.69 0.01 1.15 23.72 ±0.14 0.51 ±0.02 1.46 ±0.01 27.18 49.91 
120-150 4.12 ±0.09 0.53 ±0.08 0.56 70.42 ±0.24 13.53 ±0.24 0.54 1.55 16.04 ±0.07 0.19 ±0.00 1.00 ±0.00 34.21 18.20 
120-175 3.39 ±0.09 0.33 ±0.09 0.14 69.86 ±0.14 15.88 ±0.11 0.43 1.44 18.97 ±0.04 0.23 ±0.00 1.18 ±0.00 9.40 37.63 
120-200 3.83 ±0.09 0.34 ±0.09 0.03 62.90 ±0.35 20.71 ±0.35 0.31 1.35 21.35 ±0.12 0.33 ±0.01 1.32 ±0.01 22.52 42.47 
120-225 4.37 ±0.10 0.33 ±0.10 0.01 52.39 ±0.08 23.81 ±0.08 0.20 1.28 21.89 ±0.00 0.45 ±0.00 1.35 ±0.00 1.98 62.09 
120-250 5.05 ±0.15 0.34 ±0.15 0.01 46.89 ±0.10 26.84 ±0.10 0.08 1.18 23.44 ±0.14 0.57 ±0.00 1.44 ±0.01 1.88 73.57 
120-275 4.44 ±0.10 0.31 ±0.10 0.02 45.70 ±0.33 24.81 ±0.33 0.07 1.16 23.91 ±0.10 0.54 ±0.01 1.46 ±0.01 19.96 53.85 
120-300 4.22 ±0.04 0.29 ±0.04 0.01 40.75 ±0.29 25.85 ±0.29 0.05 1.15 22.41 ±0.17 0.63 ±0.01 1.37 ±0.01 1.18 75.97 
480-150 3.98 ±0.08 0.44 ±0.08 0.21 68.93±0.40 15.14 ±0.40 0.48 1.51 16.83 ±0.01 0.22 ±0.01 1.05 ±0.00 12.19 21.48 
480-175 3.71 ±0.05 0.32 ±0.05 0.02 65.42±0.46 20.09 ±0.46 0.34 1.33 20.58 ±0.10 0.31 ±0.01 1.27 ±0.01 18.22 36.31 
480-200 3.91  0.05 0.33 ±0.05 0.01 57.01 ±0.48 22.17 ±0.48 0.24 1.30 20.70 ±0.08 0.39 ±0.01 1.28 ±0.01 17.33 40.46 
480-225 4.57 ±0.28 0.39 ±0.28 0.02 47.31 ±0.48 25.96 ±0.48 0.16 1.18 21.53 ±0.17 0.55 ±0.01 1.32 ±0.01 15.84 57.22 
480-250 4.59 ±0.12 0.40 ±0.12 0.02 46.72 ±0.12 25.93 ±0.12 0.08 1.16 23.96 ±0.03 0.56 ±0.00 1.47 ±0.00 12.47 62.88 
480-275 4.41 ±0.13 0.28 ±0.13 0.01 41.57 ±0.40 27.83 ±0.40 0.06 1.14 22.68 ±0.20 0.67 ±0.01 1.39 ±0.01 14.45 58.40 
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CE 201.05 ±0.29 No acid 
added 
none 9.43 ±0.13 9.43 ±0.13 
AA-9 201.02 ±0.15 CH3COOH 0.03 ±0.0 9.33 ±0.11 9.18 ±0.07 
AA-7 201.50 ±1.35 CH3COOH 1.23 ±0.04 9.01 ±0.08 7.07 ±0.01 
AA-4 200.80 ±0.70 CH3COOH 22.3 ±2.3 9.42 ±0.05 4.34 ±0.05 
SA-7 199.32 ±0.51 H2SO4 1.23 ±0.04 9.05 ±0.13 6.94 ±0.07 
SA-4 201.60 ±1.82 H2SO4 3.75 ±1.1 9.18 ±0.13 4.24 ±0.07 
































































































































































CE AA-9 AA-7 AA-4 SA-7 SA-4 SA-2 
Surface area 
(m2 g-1) 
Multi point BET 7.10 6.28 6.74 5.20 10.31 3.04 3.48 
BJH adsorption surface area 10.95 10.16 10.82 8.69 18.39 4.86 5.16 
BJH desorption surface area 16.12 16.25 15.55 11.20 27.13 5.78 5.90 
DH adsorption surface area 11.03 10.25 - 8.81 18.52 4.90 5.20 
DH desorption surface area 16.27 16.43 - 11.40 27.40 5.88 5.99 
Pore volume 
(ml g-1) 
BJH adsorption pore volume 0.074 0.065 - 0.075 0.097 0.050 0.058 
BJH desorption pore volume 0.074 0.065 - 0.071 0.097 0.048 0.057 
DH adsorption pore volume 0.072 0.063 - 0.072 0.094 0.048 0.056 
DH desorption pore volume 0.072 0.063 - 0.069 0.094 0.046 0.055 
Pore size 
(nm) 
BJH adsorption pore radius 4.96 3.66 - 2.06 4.94 1.64 1.73 
BJH desorption pore radius 3.87 3.79 - 1.99 3.82 1.99 1.59 
DH adsorption pore radius 4.96 3.66 - 2.06 4.94 1.64 1.73 
DH desorption pore radius 3.87 3.79 - 1.99 3.82 1.99 1.59 















































A.3.1. Results and discussion-validation of the MST protocol 
The acid hydrolysis (AH) was carried out to test the accuracy of the total 
nutrients (P, Ca, K, and Mg) contents measured using SMT protocol. The results 
obtained using different procedures (MST, AH) show a similar trend for the total 
content of nutrients measured in PL and its HCs. Despite the results obtained by 
MST being mostly higher than those measured by AH, the results were comparable, 
and validating the data from the SMT protocol. Comparing the results of MST with 
WSN listed in Tables 5.1 & 5.2, the results of WSN show reasonable consistency 
with MST data for Ca, P, K and Mg, but show poorer correlation for Na which 
showed higher water soluble Na content than that measured by MST in some cases, 
which could be attributed to the lack of measurement. The measured results showed 
a leak in results of K (Tables 5.2 & A.3.1) and Fe (Tables A.3.2), however, it 
indicates that the SMT protocol provides correct information regarding total nutrient 






































Element Ca  mg/g K  mg/g Na  mg/g 
ID IP OP IP OP IP OP AP NAIP IP OP 
PL 17.4 0.2 2.6 0.18 26.6 0.22 0.40 18.34 2.6 0.18 
5-200 40.3 0.3 3.4 0.13 23.5 0.12 0.07 24.64 3.4 0.13 
5-225 46.9 0.3 2.7 0.13 17.0 0.17 0.00 18.82 2.7 0.13 
5-250 52.6 0.5 1.8 0.12 0.1 0.15 0.05 11.22 1.8 0.12 
30-150 26.6 0.2 0.3 0.08 5.7 0.12 1.47 7.06 0.3 0.08 
30-175 34.1 0.2 0.9 0.06 11.4 0.10 2.54 10.05 0.9 0.06 
30-200 57.9 1.0 0.0 0.09 0.0 0.10 0.00 5.25 0.1 0.09 
30-225 65.5 1.0 0.3 0.06 0.0 0.12 0.00 5.72 0.3 0.06 
30-250 84.8 1.8 0.9 0.08 0.9 0.11 0.05 6.72 0.9 0.08 
30-275 96.9 3.3 0.5 0.11 0.2 0.21 0.00 5.72 0.5 0.11 
30-300 81.4 1.9 0.5 0.09 0.4 0.15 0.00 5.47 0.5 0.09 
120-150 35.1 0.7 3.6 0.08 34.1 0.10 0.00 32.67 3.6 0.08 
120-175 56.1 2.5 0.9 0.12 8.1 0.12 0.08 12.00 0.9 0.12 
120-200 59.9 1.7 2 0.08 0.4 0.11 0.08 4.30 0.2 0.08 
120-225 79.1 0.9 0.8 0.06 0.6 0.09 0.00 4.40 0.8 0.06 
120-250 80.1 0.4 1.0 0.70 0.7 0.23 0.03 2.79 1.0 0.70 
120-275 86.3 7.7 0.4 0.15 0.5 0.29 0.07 3.84 0.4 0.15 
120-300 86.2 1. 6 2.1 0.08 0.9 0.17 0.09 3.00 2.1 0.08 
480-150 38.5 0.4 3.4 0.06 19.7 0.14 0.10 18.43 3.4 0.06 
480-175 49.3 0.5 1.5 0.16 1.0 0.33 0.33 2.34 1.5 0.16 
480-200 59.3 0.5 1.4 0.11 0.4 0.23 0.05 1.96 1.4 0.11 
480-225 77.6 0.7 1.6 0.10 0.5 0.20 0.11 1.58 1.6 0.10 
480-250 77.1 5.8 0.3 0.08 0.5 0.19 0.11 3.34 0.3 0.08 
480-275 93.4 2.9 1.8 0.11 0.8 0.23 0.23 1.49 1.8 0.11 
480-300 105.4 0.9 1.9 0.09 0.8 0.24 0.27 1.27 1.9 0.09 
AA-9 93. 9 0.3 1. 7 0.06 1.1 0.18 0.07 1.29 1.7 0.06 
AA-7 96.4 2.3 1. 7 0.09 3.6 0.25 0.08 3.42 1.7 0.09 
AA-4 84.3 1.4 1.5 0.06 4.4 0.19 0.13 12.54 1.5 0.06 
SA-7 87.1 2.4 1.8 0.08 5.2 0.25 0.08 13.23 1.8 0.08 
SA-4 73.5 2.6 1.4 0.08 6.3 0.20 0.96 11.34 1.4 0.08 



















Element Mg  mg/g Fe  mg/g 
ID IP OP AP NAIP TP IP OP AP NAIP 
PL 5.50 0.07 6.23 0.26 0.81 0.28 0.17 0.38 0.05 
5-200 6.79 0.06 5.20 0.50 1.17 6.79 0.06 5.20 0.50 
5-225 10.07 0.11 7.79 0.09 1.56 10.07 0.11 7.79 0.09 
5-250 0.49 0.31 14.08 0.01 2.14 0.49 0.31 14.08 0.01 
30-150 5.29 0.04 6.87 0.25 0.78 5.29 0.04 6.87 0.25 
30-175 7.19 0.04 8.08 0.25 0.96 7.19 0.04 8.08 0.25 
30-200 4.97 0.19 2.70 0.12 1.47 4.97 0.19 2.70 0.12 
30-225 13.36 0.29 7.23 0.07 2.17 13.36 0.29 7.23 0.07 
30-250 22.07 1.15 13.12 0.02 2.98 22.07 1.15 13.12 0.02 
30-275 29.95 1.06 20.96 0.05 3.65 29.95 1.06 20.96 0.05 
30-300 25.50 1.58 15.10 0.03 3.34 25.50 1.58 15.10 0.03 
120-150 9.64 0.21 3.08 0.80 1.25 9.64 0.21 3.08 0.80 
120-175 6.43 0.23 3.44 0.30 1.59 6.43 0.23 3.44 0.30 
120-200 8.33 0.35 4.16 0.18 1.71 8.33 0.35 4.16 0.18 
120-225 18.61 0.45 8.36 0.05 2.88 18.61 0.45 8.36 0.05 
120-250 16.35 0.50 15.13 0.03 1.88 16.35 0.50 15.13 0.03 
120-275 24.46 3.53 14.09 0.03 2.76 24.46 3.53 14.09 0.03 
120-300 26.68 1.77 19.91 0.03 3.03 26.68 1.77 19.91 0.03 
480-150 8.93 0.14 7.10 0.36 1.05 8.93 0.14 7.10 0.36 
480-175 4.78 0.11 5.29 0.12 1.22 4.78 0.11 5.29 0.12 
480-200 12.32 0.22 11.95 0.01 1.81 12.32 0.22 11.95 0.01 
480-225 20.22 0.48 16.35 0.01 2.69 20.22 0.48 16.35 0.01 
480-250 23.60 2.54 23.43 0.04 2.46 23.60 2.54 23.43 0.04 
480-275 23.59 1.77 25.03 0.01 2.86 23.59 1.77 25.03 0.01 
480-300 27.77 2.20 30.62 0.05 3.27 27.77 2.20 30.62 0.05 
AA-9 25.44 0.84 24.12 0.02 3.43 25.44 0.84 24.12 0.02 
AA-7 24.42 0.95 23.96 0.07 3.30 24.42 0.95 23.96 0.07 
AA-4 12.24 0.37 11.01 0.10 2.68 12.24 0.37 11.01 0.10 
SA-7 27.47 0.86 25.15 0.01 3.61 27.47 0.86 25.15 0.01 
SA-4 19.58 0.76 16.27 0.26 2.79 19.58 0.76 16.27 0.26 




















Element Mn  mg/g Al  mg/g 
ID TP IP OP AP NAIP TP IP OP AP NAIP 
PL 0.61 0.45 0.01 0.46 0.04 0.22 0.06 0.12 0.01 0.01 
5-200 1.08 1.00 0.01 0.69 0.09 0.39 0.15 0.07 0.14 0.03 
5-225 1.44 1.29 0.01 0.96 0.05 0.46 0.23 0.10 0.24 0.01 
5-250 1.81 1.58 0.02 1.43 0.02 0.59 0.30 0.11 0.33 0.01 
30-150 0.74 0.67 0.01 0.77 0.03 0.14 0.07 0.08 0.11 0.02 
30-175 0.92 0.84 0.00 0.88 0.04 0.30 0.16 0.07 0.19 0.03 
30-200 1.63 1.39 0.01 0.65 0.06 0.40 0.24 0.14 0.08 0.14 
30-225 2.06 1.88 0.02 1.00 0.04 0.54 0.37 0.17 0.20 0.02 
30-250 2.63 2.08 0.02 1.28 0.01 0.64 0.38 0.20 0.24 0.01 
30-275 3.20 2.73 0.03 1.92 0.01 0.80 0.58 0.31 0.36 0.01 
30-300 2.90 2.20 0.04 1.30 0.01 0.84 0.40 0.31 0.24 0.03 
120-150 1.09 0.87 0.01 0.30 0.08 0.66 0.38 0.14 0.13 0.08 
120-175 1.74 1.33 0.03 0.69 0.09 0.49 0.22 0.20 0.11 0.06 
120-200 1.88 1.46 0.03 0.70 0.06 0.48 0.21 0.18 0.10 0.09 
120-225 2.40 2.00 0.01 0.94 0.01 0.64 0.39 0.10 0.18 0.01 
120-250 2.16 1.93 0.01 1.39 0.02 0.64 0.40 0.18 0.20 0.03 
120-275 2.32 2.07 0.24 1.21 0.01 0.65 0.41 0.25 0.22 0.02 
120-300 2.62 2.34 0.05 1.75 0.01 0.68 0.47 0.21 0.42 0.04 
480-150 1.10 1.03 0.01 0.76 0.08 0.45 0.33 0.11 0.32 0.07 
480-175 1.30 1.15 0.01 1.18 0.05 0.35 0.18 0.10 0.12 0.16 
480-200 1.71 1.47 0.01 1.36 0.02 0.42 0.26 0.13 0.38 0.01 
480-225 2.29 2.05 0.02 1.57 0.01 0.63 0.41 0.17 0.49 0.01 
480-250 2.47 1.49 0.18 2.16 0.01 0.65 0.45 0.18 0.40 0.05 
480-275 2.53 2.05 0.10 2.29 0.02 0.72 0.50 0.16 0.43 0.05 
480-300 2.88 2.54 0.03 2.69 0.02 0.84 0.63 0.20 0.56 0.06 
AA-9 2.81 2.50 0.01 2.26 0.01 0.92 0.51 0.16 0.46 0.00 
AA-7 2.72 2.43 0.06 2.40 0.01 0.85 0.56 0.15 0.54 0.01 
AA-4 2.13 1.90 0.04 1.75 0.05 0.95 0.48 0.20 0.44 0.13 
SA-7 3.05 2.71 0.07 2.45 0.01 0.95 0.55 0.09 0.54 0.01 
SA-4 2.24 2.03 0.07 1.75 0.02 0.85 0.51 0.09 0.38 0.12 







































Element Cu  mg/g Zn  mg/g 
ID TP IP OP AP NAIP TP IP OP AP NAIP 
PL 0.12 0.06 0.02 0.01 0.04 0.70 0.46 0.04 0.42 0.14 
5-200 0.22 0.16 0.03 0.02 0.10 1.10 0.92 0.07 0.39 0.32 
5-225 0.27 0.18 0.04 0.06 0.08 1.49 1.10 0.18 0.52 0.41 
5-250 0.33 0.22 0.05 0.14 0.02 1.85 1.11 0.56 0.67 0.43 
30-150 0.07 0.07 0.02 0.03 0.04 0.78 0.64 0.03 0.49 0.20 
30-175 0.13 0.10 0.03 0.03 0.05 0.89 0.74 0.04 0.55 0.21 
30-200 0.31 0.28 0.03 0.03 0.15 1.41 1.13 0.06 0.20 0.62 
30-225 0.32 0.29 0.03 0.05 0.11 2.01 1.68 0.10 0.49 0.79 
30-250 0.39 0.31 0.05 0.12 0.02 2.73 1.57 0.46 0.67 0.73 
30-275 0.50 0.41 0.06 0.17 0.03 3.24 2.09 0.44 1.04 0.95 
30-300 0.49 0.29 0.07 0.13 0.02 2.99 1.49 0.59 0.75 0.58 
120-150 0.16 0.10 0.02 0.01 0.08 1.08 0.93 0.04 0.20 0.30 
120-175 0.36 0.25 0.03 0.03 0.16 1.53 1.20 0.04 0.31 0.55 
120-200 0.36 0.25 0.03 0.04 0.11 1.70 1.18 0.12 0.29 0.65 
120-225 0.41 0.29 0.02 0.07 0.04 2.50 1.67 0.29 0.50 0.74 
120-250 0.30 0.28 0.08 0.09 0.02 2.21 1.13 0.41 0.73 0.52 
120-275 0.35 0.30 0.12 0.12 0.02 2.40 1.25 0.98 0.67 0.50 
120-300 0.40 0.30 0.08 0.23 0.01 2.64 1.63 0.76 1.59 0.66 
480-150 0.15 0.13 0.03 0.02 0.08 1.01 0.93 0.03 0.63 0.29 
480-175 0.28 0.22 0.04 0.05 0.10 1.25 1.06 0.07 0.62 0.52 
480-200 0.31 0.23 0.04 0.13 0.04 1.70 1.34 0.15 1.12 0.59 
480-225 0.41 0.32 0.05 0.20 0.02 2.37 1.73 0.30 1.35 0.62 
480-250 0.34 0.24 0.07 0.19 0.02 2.54 1.40 0.85 1.06 0.28 
480-275 0.32 0.27 0.06 0.24 0.01 2.50 1.25 0.90 1.16 0.35 
480-300 0.41 0.33 0.06 0.28 0.01 2.85 1.86 0.76 1.47 0.48 
AA-9 0.50 0.36 0.06 0.27 0.02 2.97 1.84 0.55 1.28 0.59 
AA-7 0.48 0.35 0.06 0.27 0.02 2.96 1.95 0.52 1.29 0.73 
AA-4 0.54 0.38 0.04 0.26 0.02 2.69 1.87 0.46 0.98 0.76 
SA-7 0.56 0.37 0.04 0.28 0.02 3.20 1.91 0.68 1.29 0.80 
SA-4 0.45 0.31 0.02 0.20 0.02 2.46 1.92 0.21 1.33 0.45 












































Element Molar Ratio 
ID Ca/P Mg/P K/P Mg/Ca 
PL 1.43 0.70 2.19 0.49 
5-200 2.29 0.62 1.38 0.27 
5-225 1.37 0.51 0.55 0.37 
5-250 1.23 0.62 0.18 0.50 
30-150 2.37 0.77 0.67 0.32 
30-175 2.32 0.74 0.84 0.32 
30-200 2.91 0.37 0.01 0.13 
30-225 1.53 0.48 0.01 0.31 
30-250 1.37 0.64 0.03 0.47 
30-275 1.34 0.65 0.01 0.49 
30-300 1.39 0.70 0.02 0.50 
120-150 1.59 0.74 1.66 0.47 
120-175 2.89 0.54 0.47 0.19 
120-200 2.02 0.45 0.04 0.22 
120-225 1.57 0.58 0.03 0.37 
120-250 1.41 0.69 0.02 0.49 
120-275 1.39 0.69 0.02 0.50 
120-300 1.32 0.67 0.01 0.51 
480-150 1.99 0.71 1.03 0.36 
480-175 2.69 0.41 0.06 0.15 
480-200 1.49 0.52 0.01 0.35 
480-225 1.37 0.62 0.01 0.45 
480-250 1.39 0.56 0.02 0.40 
480-275 1.39 0.68 0.01 0.49 
480-300 1.59 0.69 0.01 0.43 
AA-9 1.47 0.60 0.06 0.41 
AA-7 1.39 0.62 0.02 0.45 
AA-4 1.59 0.37 0.09 0.23 
SA-7 1.23 0.61 0.08 0.50 
SA-4 1.36 0.59 0.12 0.43 








































Element Acid hydrolysis (AH)  mg/g 
ID/Fraction P Ca K Mg Na 
PL 15.42 32.54 45.04 9.36 4.46 
5-200 15.45 48.88 22.13 6.78 3.02 
5-225 28.03 52.89 15.36 12.03 2.52 
5-250 38.71 59.20 7.62 17.94 1.38 
30-150 13.15 29.15 16.47 7.28 2.20 
30-175 15.55 40.61 23.92 8.57 1.99 
30-200 19.20 72.66 0.25 5.85 0.16 
30-225 41.26 73.00 0.50 15.01 0.14 
30-250 58.05 98.02 1.92 28.69 1.07 
30-275 72.91 106.51 0.99 34.72 0.54 
30-300 64.26 110.96 1.66 33.86 0.55 
120-150 23.05 37.37 30.75 10.67 4.16 
120-175 22.11 67.33 12.90 7.94 0.97 
120-200 31.73 80.93 1.85 11.00 0.39 
120-225 56.89 92.41 1.86 25.39 0.97 
120-250 51.52 72.30 1.58 27.26 0.98 
120-275 51.08 93.76 1.59 27.40 0.78 
120-300 61.14 98.51 0.74 29.90 0.93 
480-150 15.78 50.22 25.29 8.11 3.26 
480-175 17.43 68.29 1.02 4.95 0.27 
480-200 37.36 63.48 0.53 14.21 0.33 
480-225 47.68 82.35 0.53 21.11 0.45 
480-250 47.14 93.86 1.14 23.21 0.49 
480-275 50.38 100.79 0.95 29.66 0.74 
480-300 62.32 105.07 0.84 34.39 1.05 
AA-9 63.94 75.69 2.50 27.97 0.89 
AA-7 60.76 117.59 5.35 28.99 1.09 
AA-4 52.98 101.73 3.47 29.24 0.88 
SA-7 66.93 91.53 4.67 13.33 0.82 
SA-4 53.03 101.41 4.95 29.23 1.29 































A.4.1.Effect of mineralised Ca and Mg cations on adsorption behaviour of 
Cr(VI) 
The HCs used contained significant amount of cations such as Ca and Mg 
(Ghanim et al., 2017) which could be released during the adsorption process. 
According to previous studies (Chen et al., 2015; Rosales et al., 2017), mineral 
content can play an important role in the adsorption process. Therefore, to 
investigate the Cr(VI) adsorption mechanism further, the concentration of Ca and 
Mg in solution and the final pH were measured (Fig.S1), and the results correlated 
with the initial Cr(VI) concentration and initial solution pH. As can be seen in 
Fig.S1a, Ca and Mg behaved differently depending on the HC used. When the CE 
was used as the adsorbent at pH 2, the concentration of Ca and Mg mineralised 
increased with increasing the initial Cr(VI) concentration from 1 to 50 mg L-1 after 
which constant values were gradually established (Petrovi’c et al., 2016). However, 
in the case of SA-2 there was no correlation between the initial Cr(VI) concentration 
and the concentration of cations released which remained relatively constant over the 
entire range of Cr(VI) concentration tested suggesting the released cations were not 
displaced by Cr(VI) ions.  
As can be seen in Fig.S1b, the final solution pH did not change with the 
changing the initial Cr(VI) concentration while it maintained close to pHpzc over the 
tested range of initial pH >3, this might be due to the buffering effect of the cations 
released (Li et al., 2016; Zhang et al., 2015; Zhou et al., 2016).  
The change in initial pH solution (Fig.S1b) had different effects on the cations 
released depending on the HC used. In the case of CE, the increase in initial pH over 
the range tested led to a significant decrease in Ca and Mg concentrations in the 
equilibrium solution, but when the SA-2 was used, the cations released showed a 
different behaviour. The Mg concentration decreased sharply with increasing initial 
pH while the Ca concentration was almost unaffected. The decrease in the 
concentration of cations released with increasing initial pH was expected and was 
due to the elevation in the final solution pH which led to the formation of 
precipitates (Zhao et al., 2017). However, the behaviour of Ca cations when the SA-
2 was used could be related to the Ca compound existed in structure of SA-2 HC. 





contribute to the Cr(VI) removal by CE HC while it was not a part of the mechanism 
of Cr(VI) removal by SA-2 HC. 
 
 
Fig.A.4.1, (a) Effect of initial Cr(VI) concentration on released cations 
concentration, and (b) Effect of initial pH on released cations concentration. 
 
A.4.2.Comparison the HCs 
The Cr(VI) and MB removal efficiency and adsorption capacity onto both 
HCs were compared and the results revealed that both HCs removed almost 
equivalent amounts of the MB, however, the SA-2 was more efficient for Cr(VI) 
removal. It is well known the adsorption properties of adsorbents are strongly 
dependent on surface chemistry and structure. The SA-2 was carbonized in the 
presence of high H2SO4 concentration, causing a significant change in its chemical 
composition and structure such as increase in acidic functional groups on the surface 
of adsorbent and basic groups could be totally removed (Ghanim et al., 2017; Qian 
and Chen, 2014; Yakout, 2015). Consequently, the differences in the adsorbents 
ability toward Cr(VI) removal could be due to the fact that SA-2 had more surface 
acidic groups (Chen et al., 2017; Yakout, 2015) which are beneficial for Cr(VI) 
adsorption. The mineral fraction may have played an important role in the overall 
Cr(VI) adsorption. Clearly, the H2SO4 treatment resulted in the relatively low 
mineral contents in SA-2, exposing more active sites (Li et al., 2017). Additionally, 







Fig.A.4.2, Effects of parameters on adsorption capacity of Cr(VI) onto CE and SA-2: 
(a) solution pH, (b) contact time, (c) initial adsorbate concentration, (d) adsorbent 







Fig.A.4.3, Effects of parameters on adsorption capacity of MB onto CE and SA-2: 
(a) solution pH, (b) contact time, (c) initial adsorbate concentration, (d) adsorbent 







Fig.A.4.4, Adsorption kinetics for the PFO model of adsorption of: (a) Cr(VI) onto 
CE, (b) Cr(VI) onto SA-2 , (c) MB onto CE and (d) MB onto SA-2, and the PSO 
model of adsorption of: (e) Cr(VI) onto CE, (f) Cr(VI) onto SA-2, (g) MB onto CE  






Fig.A.4.5, Freundlich  adsorption isotherm of : (a) Cr(VI) onto CE, (b) Cr(VI) onto 
SA-2, (c) MB onto CE and (d) MB onto SA-2 , and Langmuir adsorption isotherm 







Fig.A.4.6, Thermodynamic analysis of the adsorption of: (a) Cr(VI) onto CE, (b) 
Cr(VI) onto SA-2, (c) MB onto CE  and (d) MB onto SA-2. 
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